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Introduction 

Bone  cells  are  normally  found  in  voids  in  the  mineralized  matrix  knovm  as  lacunae.  Small  tubes  in  the 
matrix,  known  as  canaliculi,  interconnect  the  lacunae  and  are  occupied  by  cellular  processes.  Gap 
junctions  form  where  the  processes  of  neighboring  cells  come  into  contact  allowing  for  cell-cell 
communication  via  signaling  substances.  The  extracellular  space  between  the  cell  membrane  and  the 
mineralized  matrix  is  filled  with  fluid  which  communicates  with  the  bone’s  vascular  supply.  As  the  bone 
matrix  is  cyclically  loaded  due  to  physical  activity,  fluid  flows  in  the  lacunar-canalicular  network  from 
regions  of  high  matrix  strain  to  regions  of  low  matrix  strain  and  back  again.  Physiologic  levels  of  this 
oscillating  fluid  flow  has  been  shown  to  be  a  potent  stimulator  of  bone  cells  in  vitro.  Additionally,  we 
have  shown  that  flow  induced  signals  are  transmitted  from  cell  to  cell  such  that  cells  that  are  not 
responding  to  flow  directly  can  indirectly  respond  to  flow-induced  signals  transmitted  via  gap  junctions 
from  adjacent  cells.  The  consequence  of  this  is  that  an  ensemble  of  cells  coupled  via  gap  junctions  is 
more  sensitive  to  the  effects  of  fluid  flow  than  an  equivalent  collection  of  uncoupled  cells.  Our  central 
hypothesis  is  that  there  is  an  age-related  decrease  in  the  cellular  responsiveness  to  fluid  flow  which  is 
compounded  by  a  decrease  in  cell-cell  communication. 

In  the  prior  funding  period  we  had  made  the  following  key  findings: 

•  Discovered  that  neither  ROS  cells  nor  the  RCxl6  and  ROS/Cx45  transfectants  of  ROS  cells  exhibit 
increase  [Ca^’'];  in  response  to  oscillating  fluid  flow. 

•  Discovered  that  ROS  cells  as  well  as  the  RCxl6  and  ROS/Cx45  transfectants  of  ROS  cells  release 
PGE2  in  response  to  oscillating  fluid  flow. 

•  Accumulated  early  evidence  that  cell-cell  communication  via  gap  junctions  plays  an  important  role 
in  regulating  bone  cell  anabolism. 

In  light  of  these  findings,  in  the  funding  period  just  completed  we  have  repeated  these  experiments  with 
the  MC3T3-E1  osteoblastic  cell  line  known  to  respond  to  fluid  flow  with  a  [Ca^^];  response.  We  utilized 
a  recently  created  transfectant  that  employs  a  dominant-negative  strategy  to  diminish  gap  junctional 
intercellular  communication  with  time  in  culture. 


Body 

Aim  1:  (Year  1)  Demonstrate  that  the  responsiveness  of  a  cell  ensemble  is  related  to  the  degree  of  cell¬ 
cell  communication.  Three  immortalized  cell  lines  will  be  utilized  in  this  aim;  ROS  (rat  osteosarcoma), 
RCxl6,  and  ROS/Cx45.  Both  RCxl6  and  ROS/Cx45  cells  are  ROS  cells  that  have  been  transfected  (but 
following  different  strategies)  to  limit  cell-cell  coupling.  Previously  we  have  shown  that  RCxl6  and 
ROS/Cx45  cells  are  less  coupled  than  ROS  cells.  The  response  of  the  cells  will  be  quantified  in  terms  of 
intracellular  calcium  concentration  [Ca^'’']i  and  prostaglandin  (PGE2)  release.  Flow  profiles  will  include 
oscillating  flow  at  0.5Hz,  IHz  and  2Hz  as  well  as  steady  flow.  In  a  parallel  experiment  the  cell-cell 
coupling  will  be  determined  both  in  terms  of  injected  dye  spreading  and  calcium  wave  propagation. 

Previously  we  had  demonstrated  that  ROS,  RCxl6,  and  ROS/Cx45  cells  release  PGE2  in  response  to 
oscillatory  fluid  flow,  but  do  not  exhibit  increased  [Ca^"^];.  In  this  last  year  we  have  further  investigated 
the  role  of  gap  junctional  intercellular  communication  in  the  release  of  PGE2  in  response  to  flow  in  these 
cells.  We  confirmed  inhibition  of  gap  junction  function  by  dye  spreading  in  the  RCxl6  and  ROS/Cx45 
cell  lines.  We  found  that  PGE2  release  is  diminished  in  cells  with  inhibited  gap  junctional 
communication  (RCxl6  and  ROS/Cx45)  relative  to  those  with  intact  gap  junctional  communication 
(ROS)  in  response  to  flow.  These  findings  are  currently  being  prepared  in  manuscript  form.  However, 
since  ROS  cells  now  appear  not  to  increase  [Ca^^];  in  response  to  oscillatory  flow,  we  elected  to  continue 
our  work  on  this  aim  with  the  MC3T3-E1  cell  line. 

The  detailed  results  of  our  MC3T3-E1  experiments  are  contained  in  the  manuscript  “Gap  junctions  and 
gap  junctional  intercellular  communication  in  cell  ensemble  responsiveness  to  oscillatory  fluid  flow  in 


osteoblastic  MC3T3-E1  cells”  and  has  been  submitted  to  the  American  Journal  of  Physiology  for 
publication  (appendix  1).  In  summary  we  demonstrated  that  gap  junctional  intercellular  communication 
assessed  by  dye  diffusion  is  diminished  in  the  genetically  manipulated  cell  line  (DN-8)  after  96  hours  in 
culture,  but  not  prior  at  48  and  24  hours  in  culture.  The  control  and  DN-8  cells  exhibited  equivalent 
[Ca‘*]i  responsiveness  to  flow,  suggesting  that  [Ca^^jj  responsiveness  to  flow  does  not  involve  gap 
junctional  intercellular  communication.  In  contrast,  we  found  dramatically  diminished  release  of  PGE2 
in  response  to  flow  in  the  coupling  deficient  DN-8  cells  (96  hours)  suggesting  that  the  PGE2  response  to 
flow  does  depend  on  gap  junctional  intercellular  communication. 

These  findings  raised  the  possibility  that  the  PGE2  response  to  flow  does  not  involve  a  flow-induced 
increase  in  [Ca^'"];.  To  verify  this  interpretation  we  conducted  an  additional  series  of  experiments  using  a 
blocker  of  intracellular  cytosolic  calcium  mobilization.  The  results  of  these  experiments  demonstrate 
that  PGE2  release  in  response  to  fluid  flow  can  occur  without  a  [Ca^*];  increase.  This  conclusion  is  also 
consistent  with  our  findings  in  the  previous  experiments  utilizing  ROS  cells  where  we  observed  a  PGE2 
response  to  flow  in  a  cell  line  that  did  not  exhibit  a  [Ca^'^jj  response  to  flow.  This  conclusion  is  highly 
significant  since  they  suggest  that  the  fluid  flow  response  (and  specifically  oscillatory  fluid  flow)  is 
unique  in  that  PGE2  release  can  occur  without  the  [Ca^""];  response,  which  has  not  been  previously 
observed  for  other  physical  and  hormonal  stimuli. 

Aim  2:  (Y ears  2  and  3)  Quantify  the  responsiveness  of  bone  cells  as  a  function  of  age  and  cell-cell 
communication.  Bone  cells  will  be  cultured  from  young,  mature,  and  old  rats  and  exposed  to  the  fluid 
flow  protocol  of  Aim  1. 

We  have  demonstrated  that  confluent  cultures  of  rat  osteoblastic  cells  (ROB)  from  young,  mature,  and 
old  animals  display  highly  functional  gap  junctional  intercellular  communication.  We  found  comparable 
functional  communication  in  subconfluent  ROB,  from  all  three  age  groups,  that  were  seeded  on  quartz 
microscope  slides  for  calcium  analysis. 

Fluid  flow  induced  shear  stress  was  used  as  a  mechanical  stimulus  to  study  intracellular  calcium  ([Ca^'^Ji) 
signaling  in  ROB  that  were  isolated  from  young,  mature,  and  old  animals.  Fura-2  was  used  to  measure 
[Ca^'^ji  in  cells  that  were  exposed  to  three  minutes  of  oscillating  fluid  flow  that  produced  shear  stresses 
of  1  or  2  Pascals  (Pa)  at  frequencies  of  0.2,  1,  or  2  Hz.  Fluid  flow  caused  an  immediate  and  transient 
increase  in  [Ca^""]!.  A  significantly  higher  percentage  of  mature  ROB  displayed  calcium  transients  than 
old  ROB.  Cells  were  more  responsive  to  0.2  Hz  than  to  1  or  2  Hz,  and  to  2  Pa  than  1  Pa.  These  data 
suggest  that  intracellular  calcium  signaling  is  an  important  mechanotransduction  response  in  rat 
osteoblastic  cells  and  that  there  are  age-related  as  well  as  frequency  and  shear  stress  amplitude  dependent 
responses  to  oscillatory  fluid  flow. 


Aim  3:  (Years  3  and  4)  Examine  the  effect  of  forskolin  on  fluid  flow  responsiveness  in  osteoblasts  as  a 
function  of  age.  The  protocol  of  Aim  1  will  be  applied  to  the  cultures  in  the  presence  of  forskolin  or 
vehicle  control  to  quantify  its  effects  on  both  fluid  flow  responsiveness  and  cell-cell  coupling.  Ideally,  a 
promising  agent  for  osteoporosis  intervention  will  be  identified  which  can  restore  the  responsiveness  in 
cells  cultured  from  old  rats  to  that  of  cells  cultured  from  young  rats. 

Work  on  this  task  has  not  yet  begun. 


Key  Research  Accomplishments 

•  Discovered  that  RCxl6  and  ROS/Cx45  gap  junction  deficient  cells  are  less  responsive  to  oscillatory 
fluid  flow  in  terms  of  PGE2  release  than  ROS  cells. 


•  Discovered  that  MC3T3-E1  cells  exhibit  an  increase  [Ca“^]j  in  response  to  oscillating  fluid  flow, 
regardless  of  gap  junctional  intercellular  communication. 

•  Discovered  that  MC3T3-E1  cells  release  PGE2  in  response  to  oscillating  fluid  flow  via  a  mechanism 
that  involves  gap  junctional  intercellular  communication. 

•  Confirmed  that  the  PGE2  response  to  oscillating  fluid  flow  does  not  require  a  [Ca^*]j  response. 

•  Demonstrated  that  cell-cell  communication  via  gap  junctions  plays  an  important  role  in  regulating 
bone  cell  anabolism. 

•  Discovered  that  confluent  and  subconfluent  cultures  of  rat  osteoblastic  cells  have  functional  gap 
junctional  intercellular  communication  that  is  not  age  dependent. 

•  Discovered  that  the  percentage  of  cells  displaying  fluid  flow  induced  intracellular  calcium  signaling 
in  ensembles  of  rat  osteoblastic  cells  was  significantly  greater  in  cells  from  mature  rats  (12  mos.) 
than  in  cells  from  old  rats  (24  mos.)  for  an  array  of  functional  loading  regimes. 


Reportable  Outcomes 

The  following  manuscripts  and  abstracts  were  supported  either  partially  or  fully  by  the  project  (reverse 
chronological  order): 
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“Mechano transduction  in  bone  via  oscillating  fluid  flow”,  You,  J,  Zhen,  X,  Yellowley,  CE,  Chen,  Q, 
Donahue,  HJ,  Jacobs,  CR,  presented  at  the  2000  meeting  of  the  Orthopaedic  Research  Society,  (appendix 
22) 

“Fluid  flow  induced  calcium  mobilization  is  frequency  dependent”.  You,  J,  Yellowley,  CE,  Donahue,  HJ, 
Jacobs,  CR,  presented  at  the  2000  meeting  of  the  Orthopaedic  Research  Society,  (appendix  24) 

The  following  applications  for  funding  were  awarded  by  the  NIH  based  on  work  supported  this  award: 

“Mechanotransduction  in  bone  via  oscillating  fluid  flow”,  PI:  C  Jacobs,  1  ROl  AR45989-01A1. 

“Gap  junctions  and  bone  cell  response  to  physical  signals”,  PI:  H  Donahue,  2  ROl  AG13087-06. 


Conclusions 

In  summary,  in  the  second  year  of  the  project  we  have  completed  aim  one  and  have  completed  half  of 
aim  two.  For  aim  one  we  have  demonstrated  our  hypothesis  to  be  true,  namely  that  gap  junctional 
intercellular  communication  modulates  the  PGE2  response  of  bone  cells  to  oscillating  fluid  flow. 
Interestingly,  we  found  that  PGE2  release  in  response  to  oscillating  flow  does  not  appear  to  involve 
intracellular  calcium.  This  has  important  implications  because  it  indicates  that  other  second  messengers, 
such  as  the  cyclic  AMP  pathway,  may  be  important  in  transducing  the  fluid  flow  signal  into  the  PGE2 
response.  Additionally,  the  differential  effect  of  oscillating  fluid  flow  on  intracellular  calcium  versus 
PGE2  may  prove  to  be  a  powerful  tool  in  further  investigations  of  the  bone  cell  mechanotransduction 
pathway.  We  have  begun  work  on  our  second  task  (aim  2)  and  have  determined  that  while  the  [Ca^’^Jj 
response  to  fluid  flow  does  decrease  as  a  function  of  age,  gap  junctional  intercellular  communication 
does  not.  These  results  have  produced  numerous  scientific  presentations  and  abstracts  as  well  as  one 
manuscript  in  review  and  two  manuscripts  in  preparation.  Finally,  the  results  have  been  incorporated 
into  two  applications  to  the  NIH  which  have  been  approved  for  funding. 
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ABSTRACT 


In  the  current  study,  we  examined  the  role  of  gap  junctions  in  oscillatory  fluid  flow-induced 
changes  in  intracellular  calcium  concentration  and  prostaglandin  release  in  osteoblastic  cells.  This  work 
was  completed  in  MC3T3-E1  cells  with  intact  gap  junctional  communication  as  well  as  MC3T3-E1  cells 
rendered  communication-deficient  through  expression  of  a  dominant-negative  connexin.  Our  results 
demonstrate  that  MC3T3-E1  cells  with  intact  gap  junctions  respond  to  oscillatory  fluid  flow  with 
significant  increases  in  prostaglandin  Ei  (PGE2)  release,  whereas  cells  with  diminished  gap  junctional 
communication  do  not.  Furthermore,  we  found  that  cytosolic  calcium  (Ca“'^i)  response  was  unaltered  by 
the  disruption  in  gap  junctional  communication  and  was  not  significantly  different  between  the  cell  lines. 
Thus,  our  results  suggest  that  gap  junctions  contribute  to  the  PGE2  but  not  the  Ca^"^!  response  to 
oscillatory  fluid  flow.  These  findings  implicate  gap  junctional  intercellular  communication  (GJIC)  in 
bone  cell  ensemble  responsiveness  to  oscillatory  fluid  flow  and  suggest  that  gap  junctions  and  GJIC  play 
a  pivotal  role  in  mechanotransduction  mechanisms  in  bone. 
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INTRODUCTION 


It  is  widely  accepted  that  bone  adapts  to  its  physical  loading  milieu  by  optimizing  mass  and 
mechanical  performance  in  a  process  known  as  bone  remodeling.  In  a  nonpathologic  scenario,  this 
process  results  in  normal  bone  turnover  whereby  new  bone  formation  is  balanced  by  removal  of  existing 
bone.  In  a  pathologic  scenario,  this  process  results  in  an  imbalance  whereby  net  bone  formation 
(osteopetrosis)  or  net  bone  loss  (osteopenia)  ensues.  Although  the  effects  of  remodeling  have  been 
histologically  observed,  the  exact  cellular  pathways  by  which  it  occurs  are  incompletely  understood.  To 
this  end,  researchers  have  recently  begun  to  investigate  mechanotransduction  mechanisms  (15,  17,  32)  in 
an  attempt  to  better  uncover  the  elusive  signal  transduction  pathways  by  which  physical  stimuli  can  affect 
cellular  responses  in  bone.  These  studies  have  found  that  bone  cells  can  respond  to  a  wide  variety  of 
endogenously  occurring  signals  including  mechanical  stretch  (41),  streaming  potentials,  chemotransport, 
electrical  effects  (2,  6,  26,  33)  and  fluid  flow  (8,  17,  28,  41).  In  the  latter  area  of  research,  it  has  been 
hypothesized  that  the  fluid  flow  through  the  lacunar-canalicular  network  is  pivotal  to  bone  cell 
responsiveness.  Although  several  hypotheses  have  been  proposed,  many  believe  that  the  osteocytes  in  the 
canalicular  spaces  sense  the  fluid  flow  (1)  and  in  turn  signal  the  osteoblasts  to  form  bone. 

While  many  accept  the  theory  that  osteoblast  responsiveness  to  biophysical  effects  is  linked  to  the 
osteocyte  (1,  23),  few  have  proposed  a  mechanism  by  which  this  may  occur.  We  propose  that  bone  cell 
responsiveness  to  fluid  flow  is  aided  by  gap  junctions  which  physically  connect  osteoblasts  and 
osteocytes  (39),  as  well  as,  osteoblasts  to  other  osteoblasts.  In  this  scenario,  we  hypothesize  that  gap 
junctions  not  only  enable  osteocytes  to  transfer  signals  to  osteoblasts,  but  that  the  responsiveness  of 
osteoblastic  networks  to  the  signal  is  amplified  via  gap  junctions.  By  coupling  the  osteoblasts  together, 
gap  junctions  enable  the  cells  to  respond  in  concert  resulting  in  a  more  robust  response  than  attained  if  an 
equal  number  of  individual  cell  responses  were  achieved.  This  is  the  focus  of  our  current  work. 

Gap  junctions  are  transmembrane  protein  channels  that  enable  neighboring  cells  to  physically  link 
thereby  facilitating  the  rapid  diffusion  of  small  molecules  and  ions  on  the  order  of  IkDa  in  a  process 


known  as  gap  junctional  intercellular  communication  (GJIC).  Gap  junctions  may  be  homospecific, 
uniting  cells  of  the  same  type,  or  may  be  heterospecific,  uniting  cells  of  unlike  type.  With  the  exception 
of  blood  cells  and  muscle  fibers,  gap  junctions  have  been  found  in  most  cells  (30)  with  at  least  thirteen 
mammalian  connexins  identified  to  date  and  named  with  respect  to  molecular  weight. 

There  is  growing  evidence  to  support  a  role  for  gap  junctions  in  the  cellular  (and  cell  ensemble) 
response  to  physical  stimuli.  In  bone,  gap  junctions  have  been  linked  to  such  functions  as  hormonal 
responsiveness  (34),  gene  expression  (25)  and  differentiation  (7).  Intercellularly,  gap  junctions  have  been 
linked  to  second  messenger  responses  induced  by  physical  stimuli  such  as  Ca^"^  release  following 
membrane  deformation  (21).  Interestingly,  many  fluid  flow  studies  have  shown  that  osteoblastic  cells 
respond  to  flow  in  vitro  with  an  increase  in  such  second  messengers  as  Ca^^  (13,  15),  cAMP  (28)  and  NO 
release  (20)  which  have  been  shown  to  be  physical  regulators  of  gap  junction  channel  opening. 

GJIC  has  been  linked  to  both  normal  and  abnormal  cell  function.  In  normal  cell  function,  GJIC 
has  been  linked  to  such  processes  as  proliferation  and  differentiation,  although  the  findings  at  times  have 
been  inconsistent.  For  instance,  while  GJIC  is  found  to  maintain  cell  differentiation  status  in  cultured 
hepatocytes  (40),  it  is  decreased  in  differentiating  keratinocytes  in  comparison  to  proliferating  ones  (12). 
Furthermore,  we  have  recently  demonstrated  that  gap  junction  function  and  expression  parallel 
osteoblastic  differentiation  contributing  to  alkaline  phosphatase  expression  (7).  Thus,  gap  junction 
studies  are  widely  dependent  upon  cell  line,  culture  conditions  and  experimental  environment  and  results 
must  be  interpreted  within  these  contexts.  In  abnormal  cell  function,  alterations  in  GJIC  have  been  linked 
to  disease  (30,  36)  suggesting  that  a  status  quo  in  gap  junction  function  is  crucial  to  homeostasis. 

In  the  current  study,  we  set  out  to  examine  the  role  of  GJIC  in  transducing  a  mechanical  stimulus 
to  bone  cells.  That  is,  we  exposed  osteoblastic  cells  to  levels  of  oscillatory  fluid  flow  that  occur  in  vivo 
due  to  habitual  loading  (35)  and  measured  prostaglandin  E2  (PGE2)  release  and  cytosolic  calcium 
concentration  ([Ca^^]i),  markers  selected  for  their  proposed  role  in  the  regulation  of  bone  turnover  (4,  10, 
16,  19,  27).  To  correlate  these  findings  with  the  role  of  GJIC,  we  utilized  osteoblastic  MC3T3-E1 
(MC3T3)  cells;  MC3T3  cells  expressing  a  dominant  negative  Cx43  (DN-8),  the  predominant  gap  junction 


protein  in  bone,  and  a  control  transfectant  (DN-VC).  Comparisons  of  changes  in  PGE2  release  and  [Ca‘'^]i 
in  the  presence  of  oscillatory  fluid  flow  in  the  three  cell  lines  were  then  used  to  draw  conclusions  about 
the  contribution  of  gap  junctions  and  GJIC  to  bone  remodeling. 


MATERIALS  AND  METHODS 

Cell  Culture 

Three  immortalized  osteoblastic  cell  lines  were  utilized  in  this  study:  MC3T3,  DN-VC  and  DN-8. 
The  MC3T3  is  an  immortalized,  mouse  osteoblastic  cell  line;  the  DN-8  is  a  neomycin-sustained 
transfectant  of  MC3T3  containing  a  mutant  Cx43  and  the  DN-VC  is  a  control  for  the  transfection 
containing  an  empty  plasmid.  MC3T3  cells  were  cultured  in  minimal  essential  medium  (MEM-a) 
(GIBCO  BRL,  Grand  Island,  NY)  supplemented  with  10%  fetal  bovine  serum  (FBS)  (Hyclone,  Logan, 
UT)  and  1%  penicillin/streptomycin  (P/S)  (GIBCO  BRL,  Grand  Island,  NY).  The  DN-8  and  DN-VC  cells 
were  cultured  in  MC3T3  medium  supplemented  with  neomycin  (200|Ug/mL).  All  cell  lines  were 
maintained  in  an  incubator  at  37°C  and  5%  CO2  with  flow  experiments  conducted  in  the  appropriate 
media  supplemented  with  2%  FBS. 

The  DN-8  line  was  developed  from  a  dominant-negative  strategy  as  previously  described  (24). 
Briefly,  a  mutant  gap  junction  protein  (Cx43A)  of  Cx43  was  developed  by  the  deletion  of  residues  in  the 
internal  cytoplasmic  loop  of  the  connexin  structure.  The  goal  of  the  strategy  was  to  introduce  this  mutant 
gene  into  both  protein  channels  of  each  linking  cell  such  that  the  mutant  could  oligomerize  with  only  a 
wild-type  species.  Unlike  previous  dominant-negative  strategies  where  GJIC  is  obliterated  and  the 
resulting  connexin  oligomers  are  not  transported  to  the  membrane  but  remain  in  the  cytoplasm,  this  novel 
mutation  approach  affects  only  permeability,  leaving  transport  intact  (24). 


Cell  Preparation 

Experiments  were  conducted  on  two  differently  sized  microscope  slides.  For  the  quantification  of 
oscillatory  fluid  flow-induced  Ca^'^j  mobilization,  cells  were  plated  on  quartz  slides  (76mm  x  26mm  x 
1.6mm)  for  imaging.  These  slides  accomodated  the  relatively  few  cells  needed  to  conduct  the 
experiments  and  were  made  of  quartz  to  allow  for  ultraviolet  (UV)  visualization.  Cells  were  plated  at 
1.0xl0^  0.75x10^  or  0.5x10^  cells/slide  and  cultured  for  24,  48  or  96  hours,  respectively  to  achieve  85- 
90%  confluence.  For  the  quantification  of  oscillatory  fluid  flow-induced  PGE2  production,  cells  were 
plated  on  glass  microscope  slides  (75mm  x  38mm  x  1mm).  These  slides  were  larger  so  that  larger 
volumes  of  cells  could  be  evaluated.  Cells  were  plated  at  3.5x10^,  2,75x10^  or  2.0x10^  cells/slide  and 
cultured  for  24,  48  or  96  hours,  respectively  to  achieve  85-90%  confluence.  For  quantification  of  GJIC, 
cells  were  plated  as  described  above  for  the  PGE2  experiments.  In  addition,  cells  for  double  labeling  were 
cultured  in  round  (35mm-diam.)  polystyrene  petri  dishes  in  the  appropriate  media  for  24,  48  or  96  hours. 

Gap  Junctional  Intercellular  Communication  Assays 

GJIC  assays  were  completed  using  epifluorescent  microscopy  and  a  double  labeling  technique,  as 
previously  described  (39).  In  this  technique,  cells  are  loaded  with  the  fluorescent  dyes,  calcein  AM 
(Molecular  Probes,  Eugene,  Oregon)  and  1 , 1  ’-dioctadecyl-3 ,3 ,3  ’  ,3  ’-tetramethylindocarbocyanine 
perchlorate  ((Dil)  Molecular  Probes).  The  fluorescent  dye  calcein  AM  once  in  the  cell  is  cleaved  of  its 
AM  group  and  trapped  within  the  cell.  However,  as  a  result  of  its  small  molecular  size  (<  IkDa),  calcein 
is  gap  junction  permeable  and  able  to  transfer  to  neighboring  cells  if  functional  (open)  gap  junctions  are 
established.  The  fluorescent  dye,  Dil,  is  of  a  larger  molecular  size,  intercalates  within  cell  membranes 
and  does  not  transfer  to  neighboring  cells  via  GJIC.  The  loaded  cells  are  then  dropped  onto  unloaded 
cells  in  monolayer  and  cell  transfer  is  quantified.  If  functional  gap  junctions  are  established,  the  calcein 
will  transfer  to  neighboring  cells  which  will  then  fluoresce  green. 

Coupling  assays  were  completed  to  establish  the  extent  of  disruption  of  GJIC  in  DN-8  cells  at  24, 
48  and  96  hours  in  culture  and  compared  to  GJIC  in  the  MC3T3  and  DN-VC  lines  at  the  same  time 


points.  Following  quantification  of  GJIC,  we  assessed  GJIC  in  the  three  cell  lines  at  96  hours  in  culture 
simultaneously  with  PGE2  and  [Ca'"^]!  experiments  to  minimize  passage  variables.  On  the  day  of  the 
experiments,  the  preconfluent  cells  (‘donor’  cells)  plated  in  the  petri  dishes  were  removed  from  the 
incubator  and  washed  twice  with  room  temperature  phosphate  buffered  saline  (PBS)  followed  by 
aspiration.  The  donor  cells  were  labeled  with  a  BSA-enriched  PBS-fluorescent  dye  mixture  containing 
20pL  of  calcein  AM,  7p.L  of  Dil  and  20pL  of  pluronic  acid  (Molecular  Probes)  and  incubated  for  30min 
at  37°C.  Following  incubation,  the  dye  mixture  was  aspirated  and  the  donor  cells  washed  twice  in  room 
temperature  PBS.  The  donor  cells  were  detached  from  the  dishes  by  trypsinization,  centrifuged  at  200G 
for  8min  and  resuspended  in  fresh  growth  medium.  The  double-labeled  (Calcein  and  Dil)  donor  cells 
were  then  dropped  onto  the  glass  slides  containing  confluent  monolayers  of  unlabeled  cells  at  a  ratio  of 
approximately  1:500  cells  (labeled  to  unlabeled)  and  incubated  for  90min  at  37°C.  Following  the 
incubation  period,  the  slides  were  removed  from  the  dishes,  washed  twice  with  PBS  and  covered  by  round 
(25mm-diam)  glass  coverslips.  The  slides  were  placed  on  a  Nikon  fluorescent  microscope  (Nikon  EFD-3, 
Optical  Apparatus  Co.,  Ardmore,  PA)  and  visualized  using  fluorescein  (T-exciation  =  465-495nm;  A-emission  = 
520nm)  and  rhodamine  (A-exciation  =  541-55  Inm;  Aemission  =  590nm)  filters  to  locate  the  calcein  and  Dil 
loaded  cells,  respectively.  Coupling  was  quantified  by  counting  the  number  of  neighboring  cells 
fluorescing  green,  while  the  Dil  was  used  to  distinguish  the  labeled  cells  from  those  in  the  monolayer. 
Thirty  cells  were  randomly  selected  and  counted  for  each  slide.  Coupling  was  considered  extensive  if 
individual  cells  transferred  calcein  to  more  than  fifteen  cells  and  were  not  counted  past  this  threshold 
number. 

Parallel  Plate  Flow  Chambers  and  Testing  Machine 

For  PGE2  and  Ca^"^  experiments,  bone  cells  were  placed  in  a  parallel  plate  flow  chamber  and 
subjected  to  oscillatory  fluid  flow.  This  system  has  been  previously  characterized  and  we  and  others  have 
employed  it  to  expose  endothelial  cells  (8),  chondrocytes  (37,  38)  and  bone  cells  (14,  15,  17,  41)  to 


physiologic  levels  of  fluid  flow.  Briefly,  the  system  imparts  a  laminar  flow  to  the  cells  in  monolayer 
exposing  them  to  a  shear  stress  governed  by  the  equation  (9), 

t=6|j.Q/bh^ 

where,  x  is  the  shear  stress,  p  is  the  viscosity  of  the  flow  medium,  Q  is  the  flow  rate  and  b  and  h  are  the 
width  and  height  of  the  chamber,  respectively.  To  accommodate  the  quartz  and  glass  microscope  slides, 
as  previously  noted,  two  differently  sized  chambers  were  employed.  In  general,  the  components  for  both 
chambers  were  the  same  and  are  shown  in  the  exploded  view  of  Figure  1.  The  chambers  consisted  of  a 
polycarbonate  manifold,  a  silastic  gasket  and  a  glass  slide.  This  slide  containing  the  cells  in  monolayer 
formed  the  bottom  of  the  flow  chamber  when  inverted  on  the  manifold.  For  Ca^^  studies,  an  1 8mL/min 
flow  rate  resulted  in  a  shear  stress  of  20dyne/cm^  and  a  rectangular  flow  volume  of  38mm  x  10mm  x 
.28mm;  for  PGE2  studies,  a  43mL/min  flow  rate  resulted  in  a  shear  stress  of  20dyne/cm^  and  a  rectangular 
flow  volume  of  56mm  x  24mm  x  .28mm.  In  all  flow  experiments,  flow  rate  was  monitored  with  an 
ultrasonic  flow  probe  (Transonic  Systems  Inc.,  Ithaca,  NY)  connected  to  the  chamber  inlet.  For  Ca^"^ 
imaging,  the  flow  chamber  assembly  was  held  together  with  vacuum  pressure;  for  PGE2  quantification, 
the  flow  chamber  assembly  was  placed  in  a  polycarbonate  case  bolted  together  to  form  an  air-tight  seal. 
For  the  latter  experiments,  the  polycarbonate  case  containing  the  chamber  enabled  the  system  to  be  placed 
in  an  incubator  for  long-term  flow  periods  (1  hr)  such  that  temperature  and  CO2  levels  could  be  precisely 
regulated.  For  both  short-  (Ca^^)  and  long-term  (PGE2)  experiments,  the  chamber  was  connected  to  a 
pneumatic,  closed-loop  feedback  materials  testing  machine  (EnduraTec,  Minnetonka,  MN)  via  tubing  and 
syringes  with  oscillatory  fluid  flow  delivered  in  the  form  of  a  1  Hz  sine  wave.  Figure  1. 

PGE2  Quantification 

PGE2  accumulation  in  the  supernatant  was  quantified  with  a  commercially  available,  non¬ 
radioactive,  competitive  binding  enzyme  immunoassay  system  (BioTrak,  Amersham  Pharmaceuticals, 


Piscataway,  NJ).  Following  assaying,  the  optical  densities  of  the  samples  were  read  at  450nm  using  a 
microplate  reader  (Dynex  Technologies,  Chantilly,  VA).  Manufacturer-supplied  standards  were  also 
analyzed  and  used  to  construct  a  standard  curve  from  which  the  sample  concentrations  were  determined. 

Oscillatory  fluid  flow-induced  PGE2  was  quantified  at  the  48  and  96  hour  time  points.  On  the 
day  of  the  experiments,  preconfluent  slides  of  cells  were  washed,  placed  in  the  parallel  plate  flow 
chamber,  encased  in  the  polycarbonate  case,  placed  in  the  incubator  and  connected  to  the  fluid  flow 
delivery  system.  Cells  were  exposed  to  flow  for  Ihr  following  which  lOmL  medium  from  the  inlet  and 
outlet  ports  of  the  chamber  and  adjacent  tubing  were  collected  for  PGE2  analysis.  These  media  are 
referred  to  throughout  the  manuscript  as  media  collected  immediately  post- flow.  In  addition,  the  plates  of 
cells  were  incubated  in  lOmL  of  fresh  medium  for  Ihr  post-flow  and  these  media  were  also  collected  for 
PGE2  analysis.  These  media  are  referred  to  throughout  the  manuscript  as  media  collected  1-hour  post¬ 
flow.  Immediately  following  media  collection,  aliquots  were  frozen  at  -80°C.  In  addition,  for  some 
experiments,  the  ionophore,  4-Bromo-Calcium  (50pM),  was  added  to  a  plated  slide  from  each  cell  line  for 
15  minutes  at  37°C.  The  media  from  these  collections  were  used  as  positive  controls  in  the  PGE2  assays. 
On  the  day  of  assaying,  samples  were  thawed  at  4°C  and  vortexed.  Assays  were  completed  at  room 
temperature  within  one  month  of  collection  and  degradation  assays  were  completed  to  ensure  that  this 
time  period  did  not  adversely  affect  the  results. 

The  three  cell  lines  were  also  subjected  to  oscillatory  flow  in  the  presence  of  thapsigargin,  a  drug 
used  in  our  study  to  empty  and  prevent  refilling  of  intracellular  Ca^^  stores  thus  eliminating  this  source  of 
Ca^"^  contributing  to  changes  in  [Ca^"^];.  PGE2  experiments  in  the  presence  of  thapsigargin  were 
completed  at  the  96  hour  time  point  following  the  exact  protocol  previously  outlined  with  one  exception, 
thapsigargin  (50nM)  was  added  to  each  petri  dish  of  plated  cells  (30min  prior  to  placing  it  in  the  flow 
chambers),  the  flow  medium  and  the  lOmL  of  fresh,  1  hour  post- flow  incubation  medium. 

Because  total  PGE2  accumulation  in  the  medium  is  dependent  upon  cell  number,  prostaglandin 
accumulation  was  normalized  to  total  cell  protein  for  each  slide.  Following  the  Ihr  incubation  and 


collection  of  the  additional  lOmL  of  fresh  medium,  the  cells  were  removed  from  each  microscope  slide  by 
trypsinization,  centrifuged  at  200G  for  8min  and  resuspended  in  0.5mL  of  0.05%  Triton  X  100  detergent. 
The  suspended  cells  were  placed  in  ImL  centrifuge  tubes  and  lysed  using  three  cycles  of  rapid  freezing  (- 
80°C)  and  thawing.  The  lysate  was  frozen  at  -80°C  until  analysis  with  a  commercially  available  assay  kit 
(BioRad,  Hercules,  CA).  Following  assaying,  the  optical  densities  of  the  samples  were  read  at  405nm 
using  a  microplate  reader.  Manufacturer-supplied  standards  were  analyzed  and  used  to  construct  the 
standard  curve  from  which  the  sample  concentrations  were  determined.  Frozen  cells  and  media  were 
assayed  at  room  temperature  within  one  month  of  collection. 

Calcium  Imaging 

Ca^'^  imaging  was  completed  with  fluorescent  microscopy  and  the  dual-wavelenth  ratiometric 
dye,  fura-2  AM  (Molecular  Probes,  Eugene,  OR).  This  indicator  was  selected  for  its  ability  to  exhibit  two 
distinct  spectra  and  two  distinct  wavelengths  based  upon  the  presence  or  absence  of  Ca^'^  binding  to  the 
indicator  (31).  The  indicator  is  loaded  in  the  fura-2  AM  form  which  allows  it  to  easily  enter  the  cells. 
Following  loading,  the  AM  groups  are  cleaved  in  an  enzymatic  process  leaving  the  indicator  trapped 
within  the  cell. 

[Ca^'*’]i  was  quantified  in  the  three  cell  lines  at  the  96  hour  time  point.  On  the  day  of  the 
experiments,  preconfluent  slides  of  cells  were  loaded  with  lOpM  fura-2  AM  in  ImL  of  fresh  media  and 
incubated  at  37°C  for  45  minutes.  Following  incubation,  the  cells  were  washed  in  the  appropriate  flow 
medium  (2%  FBS),  placed  on  the  parallel  plate  flow  chamber,  transferred  to  a  fluorescent  microscope  and 
connected  to  the  loading  machine.  To  allow  the  cells  to  settle  and  ensure  that  the  AM  hydrolizing  process 
was  complete,  the  cells  were  allowed  to  equilibrate  on  the  microscope  stage  for  30min  immediately  prior 
to  testing.  Cells  were  subjected  to  3min  of  oscillatory  flow  preceded  by  a  3min  no  flow  baseline.  An 
image  acquisition  and  analysis  software  package  (Metafluor)  was  used  to  capture  the  images  for  [Ca^^]i 


determination. 


Data  Analyses 

Ca’^  results  were  analyzed  with  a  Rainflow  counting  technique  (18).  This  technique,  adapted 
from  the  field  of  mechanical  fatigue,  enables  individual  responses  to  be  extracted  from  data  containing 
multiple  responses  and  has  generally  been  employed  to  determine  the  contribution  of  a  particular  loading 
cycle  to  the  overall  lifetime  of  a  structure.  Rainflow  applied  to  our  research  enabled  individual  cell 
responses  to  be  isolated  and  separated  from  background  noise  with  a  threshold  response  defined  as  a 
change  in  [Ca^"^]!  of  20nM  or  larger. 

PGE2  results  were  analyzed  using  a  microplate  reader  and  normalized  to  total  protein  with  total 
PGE2  accumulation  in  the  medium  given  in  pg/pg.  GJIC  was  quantified  by  counting  cell  fluorescence 
transfers,  as  previously  described.  All  Ca^^,  PGE2  and  GJIC  data  obtained  were  expressed  as  mean  ± 
SEM.  To  compare  results  between  the  cell  lines,  GLM  ANOVAs  with  SNK  post-hoc  comparisons  were 
completed  using  a  commercially  available  software  program  (Instat,  GraphPad  Software  Inc.,  San  Diego, 
CA)  with  an  a  priori  significance  level  of  0.05. 


RESULTS 

Osteoblastic  Cell  Line  GJIC  as  a  Function  of  Time  in  Culture 

GJIC  was  qualitatively  evaluated  at  24,  48  and  96  hour  time  points  in  the  three  cell  lines  with 
typical  dye  transfers  shown  (Figure  2).  In  these  double  exposed  photographs,  the  green  (calcein) 
fluorescence  indicates  the  coupled  cells  in  monolayer  while  the  yellow  (calcein  and  Dil)  fluorescence 
indicates  double-labeled  donor  cells.  Quantitative  results  for  the  24,  48  and  96  hour  time  points  (Figure 
3)  depict  number  of  donor  cells  coupled  to  individual  acceptor  cells  in  monolayer.  We  found  that  the 
MC3T3  and  DN-VC  cell  line  coupling  was  not  dependent  upon  time  in  culture  up  to  96  hours.  At  24  and 
48  hours,  the  three  cell  lines  did  not  exhibit  a  significant  difference  in  coupling  compared  to  each  other. 


However,  at  the  96  hour  time  point,  DN-8  cells  exhibited  a  significant  decrease  in  coupling  in  comparison 
to  the  MC3T3  (p<0.001)  and  DN-VC  (p<0.001)  lines  at  96  hours,  as  well  as  in  comparison  to  themselves 
at  the  24  (p<0.001)  and  48  (p<0.001)  hour  time  points. 

PGE2  Accumulation  in  Response  to  Fluid  Flow 

Since  GJIC  was  decreased  in  DN-8  cells  only  after  96  hours  in  culture,  we  first  examined  PGE2 
response  to  fluid  flow  at  this  time  point  (Figure  4a).  Media  from  MC3T3  and  DN-VC  from  cells 
collected  1  hour  post-flow  accumulated  significantly  more  PGE2  than  cells  not  exposed  to  flow  (p<0.0005 
and  p<0.0001,  respectively).  However,  media  from  poorly  coupled  DN-8  cells  did  not  accumulate  more 
PGE2  than  control  cells.  Similar  results  were  obtained  when  media  was  collected  immediately  post-flow 
(not  shown). 

We  also  examined  the  effect  of  fluid  flow  on  PGE2  accumulation  in  DN-8  cells  cultured  at  48 
hours,  a  period  after  which  DN-8  cells  are  as  well  coupled  as  MC3T3  cells  (Figure  4b).  Whereas 
exposure  to  fluid  flow  did  not  increase  PGE2  accumulation  in  media  collected  1  hour  post-flow  from  DN- 
8  cells  cultured  for  96  hours  it  did  in  media  from  DN-8  cells  cultured  48  hours  (p<0.005  vs  no  flow 
controls).  Similar  results  were  obtained  when  media  was  collected  immediately  post-flow  (data  not 
shown). 

Calcium  Response  to  Oscillatory  Fluid  Flow 

In  cells  cultured  for  96  hours  there  was  a  7.9-fold  increase  (p<0.0007  vs.  no  flow)  in  percentage 
of  MC3T3-E1  cells  responding  to  three  minutes  of  oscillatory  fluid  flow  with  an  increases  in  [Ca^'^Ji;  an 
8.9-fold  increase  in  DN-VC  cells  (p<0.0001)  and  a  9.3-fold  increase  in  DN-8  cells  (p<0.0003)  (Figure  5). 
The  fold  increases  were  not  statistically  different  between  the  three  cells  lines.  No  significant  differences 
in  [Ca^^Ji  amplitude  within  or  between  groups  were  observed  (data  not  shown);  a  finding  also  made  in  our 
previous  work  in  human  fetal  osteoblastic  (hFOB)  cells  (41). 


PGE:  Accumulation  in  the  Presence  of  Thapsigargin 

One  interpretation  of  our  findings  that  GJIC  contributed  to  the  PGE2  but  not  the  [Ca^^]i  response 
to  fluid  flow  in  DN-8  cells  is  that  cytosolic  Ca^"^  mobilization  may  not  be  critical  to  fluid  flow~induced 
PGE2  accumulation.  To  address  this  issue,  we  examined  the  effect  of  thapsigargin  on  fluid  flow-induced 
PGE2  accumulation.  In  the  presence  of  thapsigargin,  media  from  MC3T3  and  DN-VC  cells  collected  1 
hour  post-flow  had  a  92.1%  and  278%,  respectively,  increase  in  PGE2  accumulation  relative  to  no  flow 
control.  Once  again,  fluid  flow  did  not  increase  PGE2  accumulation  in  DN-8  cells  cultured  96  hours  and 
thus  poorly  coupled.  Therefore,  thapsigargin  did  not  significantly  alter  the  PGE2  response  to  fluid  flow  in 
any  of  the  cell  lines  examined  (Figure  6). 


DISCUSSION 

In  this  study  we  set  out  to  investigate  the  role  of  gap  junctions  and  GJIC  in  mechanotransduction 
mechanisms  in  bone.  We  applied  a  novel  dominant-negative  genetic  intervention  strategy  to  MC3T3-E1 
osteoblastic  parent  cells  to  render  them  communication  deficient.  We  subjected  the  resulting  cell  line  to 
oscillatory  fluid  flow  and  measured  flow-induced  PGE2  release  and  changes  in  [Ca^^Ji.  This  is  the  first 
study  examining  GJIC  in  bone  cell  ensemble  responsiveness  to  fluid  flow  and,  while  only  the  second 
study  examining  the  effects  of  oscillatory  fluid  flow  on  [Ca^"^]!  in  osteoblastic  cells,  it  is  the  first  to 
quantify  the  PGE2  response.  We  found  that  a  breakdown  in  gap  junction  coupling  had  no  effect  upon 
changes  in  [Ca^^]i  but  resulted  in  a  significant  inhibition  of  oscillatory  fluid  flow-induced  PGE2  release 
suggesting  that  gap  juctions  play  a  pivotal  role  in  the  mediation  of  oscillatory  fluid  flow-induced  PGE2 
production  in  osteoblastic  cells. 

To  verify  the  effectiveness  of  the  dominant-negative  strategy  used  to  render  the  DN-8  cells 
communication-deficient,  we  quantified  the  extent  of  coupling  in  the  DN-8  cells  at  24,  48  and  96  hours  in 
culture.  These  results  were  compared  to  coupling  experiments  conducted  at  the  same  time  points  in  the 
communication-intact,  control-transfectant  DN-VC  cell  line.  We  found  an  80.1%  decrease  in  coupling  in 


the  DN-8  cells  between  48  and  96  hours  in  culture,  whereas  no  significant  change  was  noted  in  the  DN- 
VC  cells  over  the  same  time  period.  These  results  indicate  that  GJIC  in  only  the  DN-8  cell  line  was 
dependent  upon  time  in  culture.  Therefore,  because  the  cells  are  genetically  identical  and  cultured  under 
the  same  culture  conditions,  these  cells  provide  a  novel  model  system  in  the  analysis  of  GJIC  in  bone  cell 
responsiveness  to  fluid  flow. 

To  address  the  role  that  gap  junctions  play  in  the  oscillatory  fluid  flow-induced  PGE2  response, 
we  subjected  the  cell  lines  to  Ihr  of  oscillatory  fluid  flow  and  measured  PGE2  accumulation  in  the  media 
compared  to  PGE2  accumulation  in  media  from  no-flow  controls.  At  the  48  hour  time  point,  when  intact 
GJIC  was  exhibited  in  the  DN-8  cell  line,  the  application  of  oscillatory  fluid  flow  resulted  in  significant 
increases  in  PGE2  accumulation.  However,  at  the  96  hour  time  point,  when  GJIC  was  inhibited,  no 
increase  in  oscillatory  fluid  flow-induced  PGE2  accumulation  resulted.  In  contrast,  the  DN-VC  cell  line 
responded  at  both  time  points  with  significant  increases  in  PGE2  accumulation.  Thus,we  found  that  a 
breakdown  in  coupling  was  accompanied  by  a  significant  decrease  in  PGE2  responsiveness  to  oscillatory 
fluid  flow.  These  findings  strongly  suggest  that  gap  junctions  and  GJIC  are  necessary  in  the  signal 
transduction  pathway  whereby  osteoblastic  cells  increase  production  of  PGE2  in  response  to  oscillatory 
fluid  flow  and  that  a  GJIC-dependent  pathway  exists. 

To  address  the  role  that  gap  junctions  play  in  the  mediation  of  oscillatory  fluid  flow-induced 
changes  in  [Ca^^ji,  we  subjected  the  cell  lines  to  3min  of  oscillatory  fluid  flow  and  measured  [Ca^"^]! 
compared  to  [Ca^’^jj  of  no-flow  controls.  At  the  96  hour  time  point,  DN-8  and  DN-VC  cells  responded  to 
oscillatory  fluid  flow  with  significant  increases  in  [Ca^'^ji.  Moreover,  differences  in  flow-induced  [Ca^'^ji 
were  not  significantly  different  in  the  DN-8  and  DN-VC  lines  at  this  time  point.  Thus,  we  found  that  a 
breakdown  in  coupling  was  not  accompanied  by  a  significant  change  in  [Ca^^^Ji  and  that  the  Ca^'^ 
responses  of  the  cell  lines,  regardless  of  degree  of  coupling,  were  equally  responsive.  These  findings 
strongly  suggest  that  gap  junctions  and  GJIC  are  not  necessary  in  the  signal  transduction  pathway 
whereby  osteoblastic  cells  increase  [Ca^"^]!  in  response  to  oscillatory  fluid  flow  and  that  a  GJIC- 
independent  pathway  exists. 


In  this  study  we  found  that  while  coupling-deficient  osteoblastic  cells  responded  to  the 
application  of  oscillatory  fluid  flow  with  significant  increases  in  PGE2  release,  changes  in  [Ca"'"],  were  not 
found  due  to  changes  in  coupling.  These  findings  suggest  that  the  PGEt  and  [Ca^^]i  responses  elicited  via 
oscillatory  fluid  flow  may  be  unlinked  in  these  osteoblastic  cells,  a  notion  contradictory  to  prevailing 
opinion.  To  address  this  issue,  we  subjected  the  cell  lines  to  oscillatory  fluid  flow  in  the  presence  of 
thapsigragin.  We  found  that  the  introduction  of  thapsigargin  did  not  significantly  affect  PGE2  production 
whereas  the  Ca^'^  response  was  completely  annihilated  (data  not  shown).  Furthermore,  because  we  have 
data  indicating  that  the  only  source  of  Ca^'^  in  the  MC3T3-E1  cells  is  from  intracellular  stores  (pending 
publication)  (42)  which  are  emptied  by  the  thapsigargin,  our  findings  provide  concrete  evidence  to 
suggest  a  separation  of  pathways  involved  in  Ca^"^  wave  propagation  and  PGE2  production  in  osteoblastic 
cells. 

In  this  study  we  set  out  to  investigate  the  role  of  gap  junctions  in  mediating  oscillatory  fluid  flow- 
induced  PGE2  response  in  osteoblastic  cells.  Inasmuch  as  this  was  our  goal,  we  were  largely  interested  in 
whether  the  application  of  oscillatory  fluid  flow  resulted  in  significant  increases  in  PGE2  production  in 
the  cell  lines.  However,  studies  have  shown  that  the  exact  PGE2  timecourse  has  yet  to  be  elucidated  and 
that  flow-induced  PGE2  production  is  not  obliterated  with  the  cessation  of  the  stimulant  (22).  To  address 
the  time-dependent  response  of  oscillatory  fluid  flow-induced  PGE2  release  in  these  cell  lines,  PGE2 
accumulation  in  the  media  was  measured  at  two  time  points  after  cessation  of  flow.  In  the  first  approach, 
the  flowed  media  was  collected  immediately  following  flow  exposure;  in  the  second  approach,  the  flowed 
cells  were  placed  in  an  equivalent  volume  of  fresh  media  immediately  post-flow  and  incubated  for  Ihr. 
We  found  that  in  the  coupling-intact  DN-VC  cells,  flow-induced  levels  of  PGE2  accumulation  in  media 
from  cells  incubated  for  1  hour  post-flow  were  significantly  higher  compared  to  media  from  cells 
collected  immediately  post-flow.  Similarly,  PGE2  levels  in  media  from  no-flow  control  cells  incubated 
for  1  hour  post-flow  were  significantly  elevated  compared  to  levels  from  no-flow  contol  cells  collected 
immediately  post-flow.  These  findings  were  similar  to  those  observed  in  the  DN-8  line  at  48  hours  when 
coupling  was  still  intact  suggesting  that  a  comparison  of  baseline  PGE2  accumulation  levels  from  media 


collected  from  incubated  post-flow  cells  is  more  appropriate  than  in  media  collected  immediately  post¬ 
flow  and  may  be  more  sensitive  to  extracellular  regulation. 

Curiously  we  found  that  basal  PGE2  levels  were  elevated  in  the  DN-8  cells  at  the  96  hour  time 
point.  While  we  are  unable  to  definitively  explain  this  result,  it  is  unlikely  that  the  elevation  was  a  result 
of  the  transfection  process  since  the  control  transfectant  DN-VC  cells  did  not  exhibit  a  similar  trend.  To 
further  address  this  issue,  we  added  the  ionophore,  4-Bromo-Calcium  (50pM  for  15min)  to  confluent 
slides  of  DN-8  cells  and  measured  PGE2  accumulation  levels  in  excess  of  those  shown  in  Figure  4  (data 
not  shown)  indicating  that  increases  beyond  these  basal  levels  were  indeed  possible.  In  any  case,  we  do 
not  feel  that  these  findings  detract  from  the  main  finding  of  this  paper,  namely  that  GJIC-deficient  cells 
do  not  respond  to  oscillatory  fluid  flow  with  an  increase  in  PGE2  release. 

It  is  also  possible  that  factors  other  than  GJIC  are  invovled  in  the  responsiveness  of  a  cell 
ensemble  to  oscillatory  flow  by  affecting  the  inherent  responsiveness  of  the  individual  cells.  For  instance, 
it  is  possible  that  membrane  permeability  or  morphological  changes  in  the  membrane  are  important  and 
could  lead  to  sensitivity  changes  in  protein  receptors,  ion  channels  and  cytoskeletal  elements.  This  may 
help  to  explain  the  increase  we  observed  in  basal  PGE2  production  levels  in  the  DN-8  cells  at  the  96  hour 
time  point.  Furthermore,  it  is  also  possible  that  GJIC  may  affect  such  changes  in  cellular  sensitivity.  For 
instance,  it  has  previously  been  shown  that  GJIC  contributes  indirectly  to  morphological  changes  by 
contributing  to  extracellular  matrix  organization  (3). 

Although  a  substantial  body  of  evidence  exists  linking  GJIC  and  cellular  responsiveness  to 
physical  stimuli,  the  work  to  date  has  provided  only  indirect  evidence.  For  instance,  several  studies  have 
shown  that  the  application  of  physical  stimuli  in  vitro  results  in  increased  Cx43  expression  in  both 
osteoblasts  (43)  and  osteocytes  (29),  a  finding  paralleling  those  in  smooth  muscle  (5)  and  endothelial  cells 
(1 1).  However,  these  studies  did  not  address  changes  in  coupling  or  that  changes  in  coupling  influences 
the  sensitivity  of  the  cell  ensemble.  Thus,  it  is  important  to  distinguish  between  connexin  formation  and 
functional  coupling  which  would  provide  direct  evidence  to  suggest  that  gap  junctions  are  important  in 


mechanotransduction. 


In  this  study  we  investigated  the  role  of  GJIC  in  oscillatory  fluid  flow-induced  PGE2  production 
and  changes  in  Ca^'^j  signalling.  We  found  direct  evidence  to  indicate  that  the  PGE2  response  was 
dependent  upon  gap  junctions  as  demonstrated  by  the  lack  of  PGE2  released  in  the  gap  junction-deficient 
DN-8  cell  line  in  comparison  to  the  DN-VC  cell  line.  In  addition,  by  investigating  real-time  Ca^^; 
responses  in  these  cell  lines  we  found  that  all  three  cell  lines  were  able  to  respond  to  oscillatory  fluid  flow 
with  an  immediate  increase  in  [Ca^'^ji.  Finally,  by  blocking  the  Ca'’^j  response  with  thapsigargin,  we 
demonstrated  that  the  PGE2  response  in  MC3T3  -El  cells  to  oscillatory  fluid  flow  does  not  depend  upon 
dn  increase  in  [Ca^'^Jj.  Taken  together,  these  findings  strongly  suggest  an  important  role  for  gap  junctions 
and  GJIC  in  bone  cell  mechanotransduction  mechanisms. 
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FIGURE  LEGENDS 


Figure  1 .  Schematic  of  oscillatory  fluid  flow  delivery  system,  a)  Oscillatory  fluid  flow  was  delivered  via  a 
sinusoidal  waveform  generated  by  a  materials  testing  machine  connected  to  the  flow  chamber  using  tubing  and 
syringes,  b)  The  flow  chamber  consisted  of  a  parallel  plate  design.  Cells  in  monolayer  on  the  glass  slide  were 
inverted  on  the  flow  chamber  on  a  silastic  gasket.  During  fluid  flow,  the  assembly  was  held  together  with 
either  a  vacuum  seal  or  encased  in  a  polycarbonate  case  (not  shown). 

Figure  2.  Qualitative  results  of  double  labeling  assay  at  24  and  96  hours  in  the  three  cell  lines  examined. 
MC3T3-E1  (a,b),  DN-VC  (c,d)  or  DN-8  (e,f)  cells  were  grown  in  monolayer  for  24,  48  (not  shown)  or  96 
hours  and  subjected  to  homospecific  GJIC  analysis.  Donor  cells  double  labeled  with  the  fluorescent  dyes 
calcein  and  Dil  were  placed  in  contact  with  unloaded  like  cells  in  monolayer.  Cell  transfer  was  visualized  after 
90  minutes.  In  the  dual  exposure  photographs,  the  cells  fluorescing  green  (calcein)  are  the  unlabeled  cells  in 
monolayer  demostrating  functional  coupling;  the  cells  fluorescing  yellow  (calcein  and  Dil)  are  the  dual  labeled 
donor  cells  (magnification  400x). 

Figure  3.  Quantitative  results  of  double  labeling  assay  at  24,  48  and  96  hours  in  the  three  cell  lines  examined. 
MC3T3-E1  and  DN-VC  cell  lines  were  highly  coupled  at  all  time  points.  No  significant  differences  in 
coupling  were  found  within  or  between  these  two  lines  at  the  various  time  points.  The  DN-8  cell  line  was  well 
coupled  at  24  and  48  hours  and  not  significantly  different  from  the  other  cell  lines  at  these  time  points.  At  96 
hours,  coupling  in  the  DN-8  line  was  significantly  diminished  in  comparison  to  the  DN-8  line  at  24  hours  and 
48  hours  (p<0.001),  as  well  as  in  comparison  to  the  MC3T3-E1  and  DN-VC  lines  at  this  time  point  (p<0.001). 
Each  bar  is  representative  of  a  minimum  of  60  cells  (maximum  110)  and  is  plotted  as  mean  ±  SEM  with 
individual  cell  transfers  not  counted  past  a  maximum  of  fifteen  cells.  *  -  significantly  different  from  24  and  48 
hour  time  points  within  group;  +  -  significantly  different  from  96  hour  time  points  in  MC3T3  and  DN-VC  cell 


lines 


Figure  4.  Results  of  PGE2  quantification  in  the  three  cell  lines  examined.  The  numbers  are  representative  of 
total  PGE2  accumulation  in  the  media  normalized  to  total  protein  and  collected  immediately  (0-hour)  and  after 
an  additional  1  hour  incubation  period  (1-hour).  (Top)  At  48  hours,  the  DN-8  cell  line  displayed  an  increase 
in  PGE2  accumulation  in  response  to  oscillatory  fluid  flow  with  more  accumulation  obtained  from  the  1-hour 
post-flow  samples.  At  96  hours,  the  DN-8  cell  line  responded  to  flow  with  no  significant  increases  in  PGE2 
accumulation  from  either  the  0-hour  or  1-hour  collections.  (Bottom)  At  96  hours,  the  MC3T3  and  DN-VC  cell 
lines  responded  to  fluid  flow  with  an  increase  in  PGE2  accumulation,  while  the  DN-8  cell  line  did  not  respond 
to  fluid  flow.  Although  results  are  shown  for  the  1-hour  collections  only,  similar  trends  were  exhibited  in  the 
0-hour  collections  (data  not  shown).  Interestingly,  baseline  levels  were  elevated  in  this  line  at  this  time  point. 
All  results  are  shown  plotted  as  mean  ±  SEM  with  each  value  representative  of  at  least  ten  experiments.  *  - 
significantly  different  from  no-flow  control  within  group;  **  -  significantly  different  from  media  collected  1- 
hour  post-flow  at  same  time  point  in  DN-VC  and  DN-8;  ***  -  significantly  different  from  media  collected  1- 
hour  post-flow  at  same  time  point  in  MC3T3 

Figure  5.  Results  of  [Ca^*^],  imaging  at  96  hours.  In  all  cell  lines  examined,  oscillatory  fluid  flow  induced  a 
significant  increase  in  the  percentage  of  cells  responding  with  an  increase  in  [Ca^^]i  (p<0.0003,  at  least). 
Significant  differences  were  not  observed  between  the  groups  when  comparing  the  no-flow  controls  or  the 
flowed  samples.  All  results  are  shown  plotted  as  mean  ±  SEM  with  each  value  representative  of  at  least  four 
experiments  (MC3T3)  or  six  experiments  (DN-VC  and  DN-8).  *  -  significantly  different  from  no-flow  control 
within  group 

Figure  6.  Results  of  PGE2  quantification  in  the  presence  of  thapsigargin  at  96  hours  in  the  three  cell  lines 
examined.  At  96  hours,  the  PGE2  response  of  the  cell  lines  to  oscillatory  fluid  flow  was  not  altered  by  the 
presence  of  thapsigargin.  All  results  are  shown  plotted  as  mean  ±  SEM  with  each  value  representative  of  a 
minimum  of  two  experiments. 
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SUMMARY 


Recently  fluid  flow  has  been  shown  to  be  a  potent  physical  stimulus  in  the  regulation  of 
bone  cell  metabolism.  However,  most  investigators  have  applied  steady  or  pulsing  flow  profiles 
rather  than  oscillatory  fluid  flow,  which  occurs  in  vivo  due  to  mechanical  loading.  Here 
oscillatory  fluid  flow  was  demonstrated  to  be  a  potentially  important  physical  signal  for  loading- 
induced  changes  in  bone  cell  metabolism.  We  selected  three  well-known  biological  response 
variables  including  intracellular  calcium  (Ca^'^i),  mitogen-activated  protein  kinase  (MAPK) 
activity  and  osteopontin  (OPN)  mRNA  levels  to  examine  the  response  of  MC3T3-E1  osteoblastic 
cells  to  oscillatory  fluid  flow  with  shear  stresses  ranging  from  2N/m^  to  -2N/m^  at  IHz,  which  is 
in  the  range  expected  to  occur  during  routine  physical  activities.  Our  results  showed  that  within  1 
minute,  oscillatory  flow  induced  cell  Ca^'^i  mobilization,  while  two  MAPKs  (ERK,  p38)  were 
activated  over  a  two  hour  time  frame.  However,  there  was  no  activation  of  JNK.  Furthermore 
two  hour  oscillatory  fluid  flow  increased  steady-state  OPN  mRNA  expression  levels  by 
approximately  four- fold,  24  hours  after  exposure  to  fluid  flow.  The  presence  of  both  ERK  and 
p38  inhibitors,  and  thapsigargin  completely  abolished  the  effect  of  oscillatory  flow  on  steady- 
state  OPN  mRNA  levels.  In  addition,  experiments  using  a  variety  of  pharmacological  agents 
suggest  that  oscillatory  flow  induces  Ca“'^i  mobilization  via  the  L-type  voltage  operated  calcium 
channel  and  the  IP3  pathway. 


INTRODUCTION 


Mechanical  loading  plays  an  important  role  in  regulating  bone  metabolism.  Increased 
mechanical  loading  increases  bone  formation  and  decreases  bone  resorption  (1).  The  absence  of 
mechanical  stimulation  causes  reduced  bone  matrix  protein  production,  mineral  content  and  bone 
formation,  as  well  as  an  increase  in  bone  resorption  (2).  However,  the  mechanism  by  which  bone 
cells  sense  and  respond  to  their  physical  environment  is  still  poorly  understood.  In  this  study  we 
examine  a  novel  physical  stimulus,  loading  induced  oscillatory  fluid  flow,  and  demonstrate  that 
when  applied  to  cultured  osteoblastic  cells  at  levels  expected  to  occur  in  vivo  it  regulates  mRNA 
levels  for  an  important  bone  matrix  protein,  osteopoiitin  (OPN).  Furthermore,  this  regulation 
occurs  via  an  increase  in  intracellular  calcium  (Ca^^i)  and  mitogen-activated  protein  kinases 
(MAPKs). 

The  sensitivity  of  bone  tissue  to  mechanical  loading  has  been  proposed  to  involve  a 
variety  of  cellular  biophysical  signals  including  loading-induced  electric  fields,  matrix  strain,  and 
fluid  flow.  The  latter  effect  of  loading,  originally  described  by  Piekarski  et  al.  (3),  has  recently 
been  proposed  to  directly  regulate  bone  cell  metabolism  in  vivo  (4,5).  Furthermore,  relative  to 
other  loading-induced  biophysical  signals  applied  to  cells  in  vitro,  fluid  flow  appears  to  be 
significantly  more  potent  at  physiological  levels  (6-10).  The  origin  of  loading- induced  fluid  flow 
is  a  consequence  of  the  fact  that  a  significant  component  of  bone  tissue  is  unbound  fluid.  Bone 
tissue  contains  an  extracellular  fluid  compartment  that  has  been  demonstrated  to  communicate 
with  the  vascular  compartment  and  mechanical  loading  has  been  shown  to  enhance  fluid 
exchange  between  the  two  spaces  (11). 

When  bone  is  exposed  to  mechanical  loading  fluid  in  the  matrix  is  pressurized  and  tends 
to  flow  into  haversian  canals.  As  loading  is  removed  (e.g.  during  the  gait  cycle)  the  pressure 
gradients,  and  consequently  the  direction  of  fluid  flow,  are  reversed  resulting  in  a  flow  time- 
history  experienced  by  the  cells  that  is  oscillatory  in  nature.  In  vitro  experiments  have  shown 
fluid  flow  to  have  a  number  of  effects  on  bone  cells  including  Ca^^i  mobilization  (12),  production 


of  nitric  oxide  (NO)  and  prostaglandin  E2  (PGE2)  (8,13),  and  regulation  of  the  expression  of 
genes  for  OPN,  cyclooxygenase-2,  and  c-fos  (14,15).  However,  it  is  important  to  note  that  only 
one  study  to  date  utilized  a  reversing  flow  profile  and  found  significantly  different  results  when 
contrasted  with  non-reversing  flow  (16).  Thus,  the  aim  of  this  study  is  to  detail  important  aspects 
of  the  biochemical  response  pathway  including  immediate,  intermediate,  and  long  term  effects  of 
oscillatory  fluid  flow  on  bone  cells,  as  well  as  their  interrelationships. 

To  achieve  this  goal,  we  first  investigated  three  well-known  biological  osteogenic 
response  variables.  Ca^\  a  known  second  messenger  transducing  extracellular  signals  to  the  cell 
interior,  was  our  immediate  response  variable.  Activity  of  MAPKs  is  important  for  regulating 
cell  differentiation  and  apoptosis  by  transmitting  extracellular  signals  to  the  nucleus  (17,18)  and 
was  our  intermediate  response  variable.  OPN  is  characterized  as  one  of  the  predominant 
noncollagenous  proteins  that  accumulate  in  the  extracellular  matrix  of  bone  (19,20)  and  is  also 
believed  to  be  an  important  factor  associated  with  bone  remodeling  caused  by  mechanical  stress 
in  vivo  (21).  Recently,  strong  evidence  suggests  that  OPN  is  an  important  factor  in  loading 
induced  bone  cell  metabolism  (22-24).  Therefore,  we  quantified  steady-state  OPN  mRNA  levels 
as  a  long-term  response  to  oscillatory  flow. 

Recently  MAPK  family  members  including  extracellular  signal-regulated  kinase  (ERK), 
N-terminal  Jun  kinase  (JNK)  and  p38  MAP  kinase  have  been  shown  to  be  important  signaling 
components  linking  mechanical  stimuli  to  cellular  responses,  including  cell  growth, 
differentiation,  and  metabolic  regulation,  in  endothelial  cells,  smooth  muscle  cells,  and  myocytes 
(25-28).  However,  the  role  of  MAPKs  in  bone  cell  mechanotransduction  has  not  been 
determined.  Moreover  the  role  of  in  osteogenic  gene  transcription  is  unclear,  especially  in 
the  case  of  oscillatory  fluid  flow.  Therefore,  the  second  goal  of  this  study  is  to  elucidate  the  roles 
of  Ca^"^;  and  the  three  major  MAPKs  in  bone  cell  osteopontin  gene  expression  induced  by 
oscillatory  flow. 

Finally,  the  mechanism  responsible  for  fluid-flow  induced  Ca^^i  mobilization  has  not  been 


fully  established,  particularly  for  the  oscillatory  flow  profiles  expected  to  occur  in  vivo. 
Yellowley  et  al.  (29)  demonstrated  that  the  steady  flow-induced  Ca^^i  responses  in  bovine 
articular  chondrocytes  involved  both  influx  of  external  Ca“^  and  release  of  internal  Ca^"^  from  IP3- 
sensitive  stores  and  that  the  mechanism  is  G-protein  activated.  Similar  results  were  observed  in 
bone  cells  stimulated  by  steady  fluid  flow  (14,30).  However  there  is  evidence  to  suggest  that 
steady  and  oscillatory  fluid  flow  may  have  different  biophysical  effects  on  bone  cells  (16). 
Therefore,  the  third  goal  of  this  study  is  to  elucidate  the  mechanism  contributing  to  oscillatory 
flow-induced  Ca^^i  mobilization  in  bone  cells.  Steady  flow  (30),  substrate  stretch  (31)  and  whole 
bone  loading  experiments  (32)  suggest  that  either  stretch  activated  (SA)  mechanosensitive 
channels  and/or  L-type  voltage  operated  calcium  channels  (L-type  VOCCs)  may  be  involved. 
Additionally,  it  is  not  known  whether  the  involvement  of  the  IP3  sensitive  stores  is  as  important  in 
the  response  to  oscillatory  fluid  flow  and  whether  other  internal  pathways  (the  ryanodine- 
sensitive  pathway)  may  be  involved  in  Ca^^^i  mobilization. 


MATERIALS  AND  METHODS 


Cell  Culture 

The  mouse  osteoblastic  cell  line  MC3T3-E1  was  cultured  in  minimal  essential  medium 
(MEM-a)  (GIBCO,  Grand  Island,  NY)  containing  10%  fetal  bovine  serum  (FBS)  (Hyclone, 
Logan,  UT),  1%  penicillin  and  streptomycin  (GIBCO  BRL,  Grand  Island,  NY)  and  maintained  in 
a  humidified  incubator  at  37°C  with  5%  CO2.  All  cells  were  subcultured  on  glass  slides  for  two 
days  prior  to  experiments,  with  the  exception  of  cells  cultured  for  Ca^^i  studies,  for  which  quartz 
slides  were  used,  for  UV  transparency.  3x10^  cells  were  seeded  on  the  glass  slides  (75nim  x 
38mm  x  1.0mm),  and  0.85x10^  cells  on  the  quartz  slides  (76mm  x  26mm  x  1.6mm).  There  are  no 
significant  differences  observed  in  the  behavior  of  MC3T3-E1  cells  grown  on  normal  glass  slides 
versus  quartz  slides  (unpublished  data).  Cells  were  exposed  to  oscillatory  fluid  flow  in  MEM-a 
and  2%  FBS  for  calcium  imaging  experiments,  and  in  MEM-a  and  10%  FBS  for  long  term  2 
hour  experiments. 

Oscillatory  Fluid  Flow  Device 

Two  different  parallel  plate  flow  chamber  sizes  were  utilized.  Larger  chambers  with  a 
rectangular  fluid  volume  of  56mm  x  24mm  x  0.28mm  were  employed  for  long  term  flow  in  order 
to  accommodate  the  larger  glass  slides.  This  size  of  slide  was  necessary  to  obtain  adequate 
amounts  of  cell  protein  and  mRNA.  The  smaller  chamber  design,  fluid  volume  38mm  x  10mm  x 
0.28mm,  was  employed  in  the  calcium  imaging  studies  where  total  cell  number  is  not  an  issue. 
The  oscillatory  flow  device  was  described  in  our  previous  study  (16).  Briefly,  a  Hamilton  glass 
syringe  was  mounted  in  a  small  servopneumatic  loading  frame  (EnduraTec,  Eden  Prairie,  MN). 
The  flow  rate  was  monitored  with  an  ultrasonic  flowmeter  with  a  lOOHz  frequency  response 
(Transonic  Systems  Inc.,  Ithaca,  NY). 

Calcium  Imaging 

Intracellular  calcium  ion  concentration  ([Ca^'^Ji)  was  quantified  with  the  fluorescent  dye 


fura-2.  Fura-2  exhibits  a  shift  in  absorption  when  bound  to  Ca"'^  such  that  the  emission  intensity 
when  illuminated  with  ultraviolet  light  increases  with  calcium  concentration  at  a  wavelength  of 
340nm,  and  decreases  with  calcium  concentration  at  380nm.  The  ratio  of  light  intensity  between 
the  two  wavelengths  corresponds  to  calcium  concentration.  A  calibration  curve  of  intensity  ratio 
and  calcium  concentration  was  obtained  using  fura-2  in  buffered  calcium  standards  supplied  by 
the  manufacturer  (Molecular  Probes,  Inc.,  Eugene,  OR). 

Preconfluent  (80%)  cells  were  washed  with  MEM-a  and  2%  FBS  at  37‘’C,  incubated  with 
lOpM  fura-2-acetoxymethyl  ester  (Molecular  Probes,  Eugene,  OR)  solution  for  30  min  at  37"C, 
then  washed  again  with  fresh  MEM-a  and  2%  FBS  prior  to  experiments. 

Cell  ensembles  were  illuminated  at  wavelengths  of  340  and  380nm  in  turn.  Emitted  light 
was  passed  through  a  510nm  interference  filter  and  detected  with  an  ICCD  camera  (International 
LTD.,  Sterling,  VA).  Images  were  recorded,  one  every  two  seconds,  and  analyzed  using  image 
analysis  software  (Metafluor;  Universal  Imaging,  West  Chester,  PA).  Basal  [Ca^'^Jj  was  sampled 
for  3  minutes  and  followed  by  3  minutes  of  oscillatory  fluid  flow  (peak  shear  stress:  2N/m^,  IHz). 
MAPK  activity  assay 

There  are  three  major  MAPKs,  p38  MAPK,  ERK  (extracellular  signal  regulated  protein 
kinase)  and  INK  (Jun-N-terminal  kinase).  lOOpg  lysate  protein  from  either  control  or  flowed  cells 
was  immunoprecipitated  with  anti-p38  MAPK,  anti-ERKl/2  or  anti-JNK  antibody  (Santa  Cruz 
Biotech.  Inc.,  Santa  Cruz,  CA)  overnight.  Following  addition  of  15p.l  of  protein  A/G  for  2  hours, 
the  immunocomplex  was  collected  by  centrifugation  and  the  kinase  reaction  was  then  conducted 
in  a  kinase  reaction  buffer  containing  substrates  myelin  basic  protein  (MBP,  for  p38  MAPK  or 
ERK)  or  c-Jun  GSK  (for  JNK)  in  presence  of  [y-^^P]  ATP  as  described  before  (33).  The  reaction 
mix  was  subjected  to  SDS-PAGE  and  phosphorylation  of  substrates  was  determined  by 
autoradiography. 

Osteopontin  mRNA  Analysis 


Steady-state  osteopontin  mRNA  level  was  quantified  by  quantitative  real-time  reverse 
transcription  PCR  (QRT  RT-PCR)  (9).  Briefly,  this  technique  is  based  on  the  detection  of  a 
fluorescent  signal  produced  by  an  OPN-specific  oligonuleotide  probe  during  PCR  primer 
extension  (Prism  7700  Sequence  Detection  System,  Applied  Biosystems,  Frost  City,  CA).  The 
RNeasy  Mini  Kit  (Qiagen  Inc.,  Valencia,  CA)  was  used  to  extract  total  RNA  after  lysis  and 
homogenization  with  the  QIAshredder  mini  column  system  (Qiagen  Inc.,  Valencia,  CA).  Mouse 
osteopontin  cDNA  primers  and  probes  were  designed  using  sequence  data  from  Miyazaki  et  al. 
(34)  (GenBank  Accession  No.  X51834)  and  the  QRT  RT-PCR  probe/primer  design  software 
Primer  Express  (v  1.0  Applied  Biosystems,  Frost  City,  CA).  The  fluorogenic  oligonucleotide 
probe  for  mouse  osteopontin  was  5’-CGG  TGA  AAG  TGA  CTG  ATT  CTG  GCA  GCT  C-3’ 
(Synthetic  Genetics,  San  Diego,  CA).  The  forward  and  reverse  PCR  primers  were  5’-GGC  ATT 
GCC  TCC  TCC  CTC-3’,  and  5’-GCA  GGC  TGT  AAA  GCT  TCT  CC-3’  respectively.  These 
sequences  were  synthesized  and  PCR  conditions  optimized  with  respect  to  concentrations  of 
Mg^"^,  probe  and  both  primers.  Relative  changes  in  the  levels  of  OPN  mRNA  and  18S  rRNA 
were  quantified  24  hours  after  mechanical  stimulation. 

Pharmacological  agents 

A  series  of  pharmacological  agents  were  used  to  examine  the  mechanism  of  calcium 
mobilization:  thapsigargin  (50nM),  gadolinium  chloride  (lOpM),  nifedipine  (20p,M),  ryanodine 
(IpM  and  20pM),  2-aminoethoxydiphenyl  borate  (2APB)  (lOOmM),  U73122  and  U73343  (4  or 
SpM).  Thapsigargin  is  an  inhibitor  of  the  ATP-dependent  Ca^"^  pump  of  intracellular  Ca^'^  stores 
which  causes  Ca^"^  discharge  (35)  and  was  used  to  empty  the  intracellular  calcium  stores. 
Gadolinium  chloride  (lOpM)  (Aldrich  Chem.  Co.,  Milwaukee,  WI),  is  a  putative  stretch-activated 
channel  blocker  (36).  Nifedipine  is  a  blocker  of  the  L-type  VOCC  (37).  Ryanodine,  which 
affects  ryanodine  sensitive  channels  in  intracellular  calcium  stores,  was  used  in  two 
concentrations:  1  pM,  which  is  expected  to  hold  the  channel  open  and  20pM  which  is  expected  to 


block  the  channel  (38,39).  U73122  inhibits  the  action  of  phospholipase  C  (PLC)  and  possibly 
phospholipase  Aj  (PLA2),  and  thereby  the  production  of  inositol  1,4,5  triphosphate  (IP3).  Thus,  it 
inhibits  the  release  of  calcium  through  IP3  sensitive  intracellular  calcium  stores  (14,40).  U73343, 
an  isoform  of  U73122  that  does  not  inhibit  IP3  production,  was  used  as  a  control.  2APB  is  a 
specific  inhibitor  of  the  IP3  receptor  and  does  not  affect  ryanodine  sensitive  or  membrane  calcium 
channels  (41,42).  Cells  were  pretreated  with  media  containing  the  required  drug  for  30-60  min 
prior  to  flow  and  the  drug  remained  present  during  the  flow  experiments. 

Nifedipine,  ryanodine  and  2 APB  were  dissolved  in  100%  ethanol  to  give  a  final 
concentration  of  ethanol  in  the  flow  media  of  0.1%  (v/v),  vehicle  controls  were  conducted  with 
the  same  concentration  of  ethanol.  Thapsigargin,  U73122  and  U73343  were  dissolved  in  DMSO 
to  give  a  final  concentration  of  DMSO  in  the  flow  media  of  0.0032%,  0.17%  and  0.17%  (v/v) 
respectively.  Gadolinium  chloride  was  directly  dissolved  in  medium. 

Thapsigargin  and  gadolinium  chloride  were  also  used  in  long-term  flow  experiments  to 
examine  the  role  of  [Ca^'^ji  in  downstream  responses.  For  the  MAPK  investigations,  cells  were 
incubated  with  MAPK  inhibitor  for  2  hours  before  the  fluid  flow  experiments  were  performed. 
The  p38  inhibitor  SB203580  (lOpM)  or  the  ERK  inhibitor  PD98059  (lOpM)  (Calbiochem- 
Novabiochem  Co.,  La  Jolla,  CA)  was  also  present  in  the  flow  media.  All  pharmacological  agents 
were  from  Sigma  (St.  Louis,  MO)  unless  indicated. 

Data  Analysis 

We  used  a  numerical  procedure  from  mechanical  analysis,  known  as  Rainflow  cycle 
counting,  to  identify  calcium  oscillations  (43).  Briefly,  this  technique  identifies  complete  cycles 
or  oscillations  in  the  time  history  data  even  when  they  are  superimposed  upon  each  other,  and 
therefore  can  be  used  to  distinguish  and  quantify  [Ca^'^Ji  responses  from  background  noise.  We 
defined  a  response  as  an  oscillation  in  [Ca^^ji  at  least  two-fold  greater  than  that  of  the  average 
baseline  level  of  non-treated  cells.  Baseline  [Ca'"^];  data  were  recorded  for  each  slide  for  3  min 
prior  to  the  application  of  oscillatory  fluid  flow. 


Data  were  expressed  as  mean  ±  SEM.  To  compare  observations  from  no  flow  and  flow 
responses  a  two-sample  Student  t-test  was  used  in  which  sample  variance  was  not  assumed  to  be 
equal.  To  compare  observations  from  more  than  two  groups,  a  one-way  analysis  of  variance  was 
employed  followed  by  a  Bonferroni  selected-pairs  multiple  comparisons  test  (Instat,  GraphPad 
Software  Inc.,  San  Diego,  CA).  p<0.05  was  considered  statistically  significant.  For  calcium 
experiments  all  controls  were  combined  as  no  effect  of  vehicles  was  found  (one  way  ANOVA). 


RESULTS 


Ca'*i  responses  to  oscillatory  fluid  flow 

Typical  cell  responses  are  shown  in  figure  lA.  The  fraction  of  MC3T3-EI  cells 
responding  with  an  increase  in  Ca’^i  to  oscillatory  fluid  flow  (peak  shear  stress  2N/ni^,  IHz)  is 
shown  in  figure  IB.  The  data  were  obtained  from  6  individual  experiments  (slides)  and  a  total  of 
334  cells.  Within  thirty  seconds  of  starting  oscillatory  flow,  59.1±4.6%  of  cells  increased  [Ca^^]; 
which  was  significantly  different  from  no  flow  periods  (8.9±1.6%).  However  the  responding  cell 
[Ca^^]i  amplitudes  (65.5±17.5nM)  for  flow  periods  was  not  statistically  different  from  those  for 
no  flow  periods  (86.5±18.3rLM). 

MAPK  responses  to  oscillatory  fluid  flow 

The  time  courses  of  activation  of  three  major  MAPKs  in  MC3T3-E1  cells  are  shown  in 
figure  2.  At  each  time  point  cells  from  two  slides  were  combined  to  yield  sufficient  protein  for 
the  MAPK  activity  assay.  In  the  absence  of  flow  there  was  minimal  p38,  ERKl/2,  and  JNK 
activity.  However,  dramatic  responses  for  p38  and  ERKl/2  activities  were  observed  beginning  at 
15  min  after  applying  oscillatory  flow.  p38  activity  reached  a  maximum  at  30  min  and  returned 
to  initial  levels  90  min  after  the  onset  of  oscillatory  flow  (figure  2).  ERKl/2  activity  reached  a 
maximum  at  60  min  and  returned  to  its  pre-flow  value  at  90  min.  In  contrast,  there  was  no 
change  in  JNK  activity  during  a  90  min  flow  period,  indicating  a  selective  activation  of 
p38/ERKs  in  response  to  flow. 

OPN  responses  to  oscillatory  fluid  flow 

The  long  time  frame  biological  response,  steady-state  OPN  mRNA  level,  was  quantified 
in  response  to  oscillatory  fluid  flow  at  IHz,  resulting  in  a  wall  shear  stress  of  2N/m‘,  utilizing 
QRT  RT-PCR.  The  cells  that  experienced  oscillatory  flow  or  no  flow  for  2  hours  were  then 
incubated  for  an  additional  24  hours  prior  to  collection.  Our  results  show  oscillatory  fluid  flow 
increased  steady-state  osteopontin  mRNA  levels  by  3.96±0.76  fold  over  no-flow  control  (figure 


3,  p<0.05). 

Role  of  Ca'^i  and  MARK  activities  in  the  OPN  inRNA  response  to  oscillatory  fluid  flow 

To  assess  role  of  Ca'^i  in  the  OPN  mRNA  response  to  oscillatory  fluid  flow,  cells  were 
subjected  to  oscillatory  fluid  flow  in  the  presence  of  50nM  thapsigargin.  Interestingly 
thapsigargin  completely  blocked  the  oscillatory  flow  effect  on  steady-state  OPN  mRNA  levels 
(0.93±0.08  times  no  flow  levels)  which  were  not  statistically  different  from  those  for  no  flow 
period  (figure  3).  However,  gadolinium  chloride  (GdCls,  lOpM)  did  not  attenuate  the  flow  effect 
on  steady-state  OPN  mRNA  levels  (4.19±0.21  times  no  flow  levels)  which  were  not  statistically 
different  from  those  for  flow  control  case. 

Based  on  the  MAPK  activation  results,  two  MARK  inhibitors  were  employed  to  block  the 
activity  of  ERKl/2  and  p38.  Cells  were  exposed  to  lOpM  of  the  p38  inhibitor  SB203580  (SB) 
for  2  hours  prior  to  and  for  the  duration  of  oscillatory  fluid  flow.  SB  reduced  the  effect  of  fluid 
flow  on  steady-state  OPN  mRNA  levels  to  1.61±0.50  times  no-flow  levels.  Similar  results  of 
ERKl/2  inhibitor  PD98059  (PD)  (lOpM)  were  obtained  with  a  reduction  of  steady-state  OPN 
mRNA  to  1.76±0.21  times  no-flow  levels.  Moreover  the  presence  of  both  inhibitors  (SB+PD) 
completely  abolished  the  effect  (0.84+0.05  times  no-flow  levels,  not  statistically  different).  Those 
results  suggest  that  activation  of  p38  MAPK  and  ERKs  are  synergistically  involved  in  flow- 
mediated  OPN  expression. 

Sources  of  mobilization  in  response  to  oscillatory  fluid  flow 

The  number  of  cells  that  responded  to  oscillatory  fluid  flow  with  a  change  in  intracellular 
calcium  in  the  presence  of  GdCh  was  not  significantly  different  from  control  (62.2±3.4%,  figure 
4A).  In  contrast  to  the  results  for  GdCla,  nifedipine,  an  L-type  VOCC  blocker,  did  reduce  the 
number  of  cells  responding  to  flow.  The  number  of  cells  responding  in  the  presence  of 
nifedipine  (29.3±13.6%)  was  as  low  as  in  the  no  flow  case  and  the  mean  increase  in  [Ca^^Ji  over 
baseline  (35.6±2.9nM)  was  lower  than  in  flow  controls. 


On  application  of  thapsigargin,  which  emptied  intracellular  stores,  there  was  a  significant 
(p<0.05)  decrease  in  the  percentage  of  cells  responding  to  oscillatory  flow.  U73122,  which 
inhibits  production  of  IP3  via  the  PLC  pathway  and  does  not  affect  membrane  channels,  reduced 
the  number  of  cells  responding  to  18.0+9.0%,  compared  with  48.0+9.5  in  the  control  group. 
2ABP  which  acts  directly  on  IP3  receptors  (42),  rather  than  on  IP3  catalysis,  blocked  the  response 
completely.  Ryanodine  at  IpM  had  a  small,  but  statistically  significant  effect  on  number  of  cells 
responding,  which  was  reduced  to  41.6±9.9%.  It  also  had  a  small  effect  on  the  mean  increase  in 
[Ca^"^]!  over  baseline,  which  was  reduced  to  37.4±5.5nM.  At  20|iM,  at  which  concentration  the 
ryanodine  sensitive  channel  should  have  been  blocked,  there  was  a  very  small  and  not  statistically 
significant  reduction  in  the  number  of  cells  responding,  to  55.1±10.4%.  Although  there  were 
some  differences  in  the  mean  response  amplitudes  (figure  4B),  these  were  not  found  to  be 
statistically  significant.  Some  drug-treated  cells  (nifedipine  and  ryanodine)  showed  higher 
responses  in  the  no  flow  period  compared  to  controls  (data  not  shown)  because  the  drugs  caused 
increased  spontaneous  calcium  oscillations  and  increased  drift  in  the  baseline  levels. 


DISCUSSION 


While  a  large  number  of  in  vitro  studies  have  been  aimed  at  discovering  the  regulatory 
effect  of  mechanical  loading  in  bone  adaptation,  little  consensus  can  be  found  in  the  literature 
regarding  the  appropriate  biophysical  signals.  For  example,  bone  cells  have  been  shown  to 
respond  with  metabolic  changes  to  deformation  induced  by  stretching  of  the  substrate  to  which 
they  are  attached  (22,44-46).  However,  these  studies  either  employed  hyperphysiologic  levels  of 
strain  or  systems  known  to  induce  mechanical  effects  other  than  pure  strain  (47).  More  recent 
studies  have  suggested  that  bone  cells  are  more  responsive  to  the  fluid  flow  induced  by 
mechanical  strain  than  directly  to  the  strain  in  the  tissue  (7-9).  However,  loading-induced  fluid 
flow  in  vivo  involves  a  reversal  of  flow  direction  associated  with  the  cyclical  unloading  that 
occurs  in  the  vast  majority  of  physical  activities.  To  date,  the  ability  of  the  resulting  oscillatory 
flow  profiles  to  regulate  bone  cell  behavior  in  vitro  has  not  been  investigated,  beyond  its  ability  to 
mobilize  cytosolic  calcium  (16).  In  this  study  a  novel  oscillatory  fluid  flow  system  was  designed 
to  demonstrate  that  oscillatory  fluid  flow  is  capable  of  regulating  bone  cell  gene  expression  via 
ERK  and  p38  MAPK  activity  and  intracellular  calcium  signaling  involving  IP3  mediated  calcium 
release.  Additionally,  we  were  able  to  demonstrate  some  important  differences  in  the 
characteristics  of  the  response  of  bone  cells  to  oscillatory  flow  when  contrasted  with  published 
experiments  on  steady/pulsatile  flow.  The  study  of  the  effects  of  oscillatory  fluid  flow  on  bone 
cells  will  allow  us  to  more  accurately  understand  the  mechanism  of  mechanotransduction  in  bone 
cells  in  vivo,  for  which  the  other  in  vitro  systems  may  not  be  as  suitable. 

Our  experimental  data  have  shown  that  oscillatory  fluid  flow  induced  three  biological 
responses  that  are  believed  to  be  important  in  the  response  of  bone  tissue  to  mechanical  load.  In 
the  short  term,  within  two  minutes  of  the  start  of  oscillatory  flow,  59.1±4.6%  of  cells  increased 
[Ca‘'^]i  which  was  significantly  different  from  the  no  flow  period.  This  is  consistent  with  prior 
observations  of  the  Ca^'^i  response  of  bovine  aortic  endothelial  cells  (48),  articular  chondrocytes 
(49)  and  bone  cells  (12,16)  to  steady/pulsatile  fluid  flow.  However,  oscillatory  flow  appears  to  be 


significantly  less  stimulatory  than  steady/pulsatile  flow  for  bone  cells  (16).  This  suggests  that  the 
mechanotransduction  pathways  induced  by  oscillatory  flow  are  different  in  part  or  in  whole  than 
those  activated  by  steady/pulsatile  flow. 

Recently  MAPK  activity  has  been  shown  to  be  modulated  by  various  external  stimuli 
such  as  growth  factors,  cytokines  and  physical  stresses  (ultraviolet  radiation,  hyperosmolarity, 
hypoxia  and  fluid  flow  shear  stress)  (17,18,50),  and  is  known  to  play  a  pivotal  role  in  a  variety  of 
cell  functions.  Our  results  are  the  first  to  examine  the  regulation  of  MAPK  activity  in  response  to 
biophysical  stimulation  in  bone  cells.  We  show  that  fluid  flow  induces  an  increase  in  the  activity 
of  two  of  three  major  MAPKs  (ERRs  and  p38)  over  a  period  of  2  hours  for  bone  cells.  p38 
activity  started  to  increase  at  15  min  and  reached  a  maximum  at  30  min,  then  returned  to  initial 
levels  90  min  after  the  onset  of  oscillatory  flow.  A  similar  pattern  was  observed  for  ERKl/2 
activity,  with  some  delay,  at  60  min  it  reached  a  peak  and  returned  to  its  pre-flow  value  at  90  min. 
JNK  activity  was  unchanged  during  90  min  of  oscillatory  fluid  flow  stimulus.  Our  biphasic  time 
course  ERKl/2  and  p38  activity  results  are  consistent  with  previous  studies  in  endothelial  cells 
and  smooth  muscle  cells  (25,26).  However,  our  time  to  peak  ERKl/2  activity  (60  min)  is  slower 
than  observed  for  steady  fluid  flow  (5  min),  possibly  due  to  the  different  mechanical  stimuli. 
Another  difference  is  that  oscillatory  fluid  flow  did  not  induce  JNK  activity  in  bone  cells, 
however  steady  fluid  flow  is  capable  of  activating  JNK  in  endothelial  cells  within  60  min  (25). 
Although  possibly  due  to  differences  between  the  cell  types,  it  may  be  a  result  of  differences  in 
the  effects  of  the  physical  signals  applied.  This  suggests  the  possibility  that  oscillatory  fluid  shear 
stress  may  stimulate  different  mechanotransduction  pathways  from  steady/pulsatile  fluid  shear 
stress. 

It  was  suggested  previously  that  the  ERK  pathway  is  involved  in  the  regulation  of  cell 
proliferation  and  differentiation  while  p38  and  JNK  are  important  signaling  pathways  in  the 
regulation  of  cell  apoptosis  (51).  However,  recent  information  demonstrated  that  p38  MAPK 
may  also  play  a  critical  role  in  the  regulation  of  differentiation  (52,53).  In  this  study,  both  the 


p38  inhibitor  SB203580  (SB)  and  the  ERKl/2  inhibitor  PD98059  (PD)  were  applied  to  determine 
if  the  increased  MAPK  activity  we  observed  was  required  for  the  effect  of  oscillating  flow  on 
steady-state  OPN  mRNA  levels.  Either  MAPK  inhibitor  alone  was  found  to  greatly  attenuate 
(80%)  the  flow  effect  on  steady-state  OPN  mRNA,  while  the  presence  of  both  inhibitors 
(SB+PD)  completely  abolished  the  effect  of  flow  on  steady-state  OPN  mRNA  levels.  This 
indicates  that  oscillatory  flow-induced  OPN  expression  involves  both  ERK  and  p38  MAPK 
activity  with  mild  redundancy,  but  does  not  require  JNK  activity.  It  is  interesting  to  note  that 
INK  activity  has  been  observed  in  endothelial  cells  in  response  to  steady  flow  associated  with 
apoptosis  (25).  In  contrast,  bone  cells  experiencing  more  moderate  oscillatory  shear  stress  exhibit 
increased  ERKl/2  activity  associated  with  proliferation  and  differentiation,  but  no  change  in  INK 
activity.  These  findings  support  the  view  that  oscillatory  fluid  flow  may  be  a  potent  cellular 
physical  signal  in  bone  remodeling  in  vivo. 

Our  results  also  suggest  that  the  biochemical  mechanism  of  Ca^^j  mobilization  is  different 
between  non-reversing  steady/pulsatile  fluid  flow  and  oscillatory  flow.  The  results  of  the  calcium 
experiment  using  nifedipine  show  that  the  L-type  VOCC  membrane  channel  is  involved  in  the 
calcium  response  to  oscillatory  flow  in  contrast  to  steady  flow  experiments  in  primary  bone  cells 

(30) ,  and  in  the  same  cell  line  (14).  However  our  data  is  in  agreement  with  substrate  stretch 
experiments  on  primary  osteoblasts  in  which  the  calcium  response  was  inhibited  by  nifedipine 

(31) .  In  those  experiments  fluid  flow  may  have  been  induced  in  the  system  as  well  as  substrate 
stretch  (47).  Thus,  it  is  possible  that  the  Ca^'^i  response  that  the  investigators  observed  was  due  to 
the  pathway  we  describe  here  in  response  to  oscillatory  flow.  Furthermore,  the  NO  and  PGE2 
response  of  loaded  whole  rat  bones  in  an  in  vivo  model  has  been  shown  to  be  eliminated  by 
nifedipine  (32).  This  is  consistent  with  the  view  that  oscillatory  flow  rather  than  steady  flow  is 
the  cellular  physical  signal  that  regulates  the  adaption  of  bone  to  mechanical  load  in  vivo. 

Our  data  also  suggest  that  the  stretch  activated  (SA)  membrane  channel,  blocked  using 
gadolinium  chloride,  is  not  important  for  response  to  oscillatory  fluid  flow.  This  is  in  contrast  to 


data  for  steady  flow  where  calcium  responses  were  inhibited  by  blocking  this  channel  (14,30). 
However,  our  finding  that  GdCU  did  not  influence  steady-state  OPN  gene  mRNA  is  consistent 
with  the  results  of  Chen  et  al.  (14)  that  showed  the  effect  of  steady  flow  on  cytoskeletal 
reorganization  and  COX-2  mRNA  involved  IP3  mediated  intracellular  calcium  release,  but  not 
extracellular  calcium.  One  interpretation  is  that  both  oscillatory  and  steady  flow  activate  an  IP3 
cascade  that  is  important  in  bone  adaptation,  however  steady  flow  also  stimulates  an  GdCb- 
sensitive  calcium  influx  whereas  oscillatory  flow  does  not. 

Our  finding  that  thapsigargin  completely  blocked  the  calcium  response  to  oscillatory  flow 
demonstrated  that  the  source  of  Ca^^  is  release  from  intracellular  stores.  The  next  series  of 
experiments  were  designed  to  further  elucidate  the  mechanism  of  this  release.  The  combination 
of  the  U73122  and  the  2APB  data  strongly  suggest  that  the  IP3  pathway  is  involved.  We  achieved 
a  partial  block  of  the  calcium  response  using  U73122.  This  may  be  because  there  are  other 
pathways  to  the  formation  of  IP3  besides  the  PLC  and  PLA2  pathways  blocked  by  U73122. 
However  the  effect  of  U73122  is  shown  to  be  maximal  at  lOpM  and  we  used  only  4-5|uM 
because  we  found  that  the  concentration  of  solvent  (DMSO)  necessary  to  achieve  the  higher 
concentration  of  the  drug  induced  cell  toxicity.  2ABP,  a  novel  IP3  blocker  that  is  specific  to  the 
IP3  channel  (41),  resulted  in  a  total  block  of  the  Ca^"^  response.  This  finding  is  consistent  with  our 
previous  observations  using  neomycin  sulphate  (54)  and  published  results  from  other  laboratories 
supporting  the  involvement  of  this  second  messenger  in  fluid  flow  responses  in  various  cell  types 
and  flow  regimes  (13,14,29,30). 

The  role  of  ryanodine  sensitive  internal  stores  in  mechanotransduction  has  received  less 
attention,  although  they  have  been  shown  to  be  present  in  osteoblasts  (55,56).  Our  finding  that 
low  concentration  ryanodine  inhibited  the  response  of  MC3T3-E1  cells  to  oscillatory  flow 
confirms  the  presence  of  ryanodine  sensitive  calcium  channels.  In  our  experiments  the  opening 
of  the  ryanodine  sensitive  stores  which  would  cause  calcium  to  leave  the  stores  before  the  flow 
was  applied,  in  a  similar  way  to  thapsigargin,  did  have  an  inhibitory  effect  on  the  response. 


though  less  than  that  of  thapsigargin.  However  the  blocking  of  the  ryanodine  sensitive  channel 
with  high  concentration  ryanodine  had  no  significant  effect  on  the  calcium  response.  This 
suggests  that  ryanodine  sensitive  Ca"'^  stores,  which  can  also  be  mobilized  by  the  IP3  pathway 
(57),  were  partially  depleted  by  the  low  concentration  ryanodine,  but  that  ryanodine  sensitive 
channels  were  not  affected  by  oscillatory  fluid  flow. 

Interestingly,  our  finding  that  the  source  of  the  calcium  response  is  IP3  mediated  release 
from  intracellular  stores  seems  to  be  contradicted  by  our  finding  that  the  L-type  VOCC  is  also 
involved.  If  the  VOCC  is  important  to  a  calcium  response  mechanism  one  might  expect  to 
observe  some  residual  calcium  increase  of  extracellular  origin,  even  in  the  presence  of  blockers  of 
intracellular  stored  calcium.  However,  in  our  study  both  2APB  and  thapsigargin  totally  abolished 
the  calcium  response  to  oscillatory  fluid  flow.  Similar  results  were  found  in  the  Walker  et  al. 
substrate  stretch  study  (31)  in  which  thapsigargin  inhibited  the  calcium  response  more  than  would 
be  expected  if  only  the  residual  calcium  released  after  nifedipine  treatment  was  from  intracellular 
stores  sensitive  to  thapsigargin.  An  explanation  for  these  results  may  be  that  the  IP3  receptor  on 
the  endoplasmic  reticulum  (ER)  has  been  shown  to  be  co-regulated  by  cytosolic  calcium 
concentration.  Thus,  the  VOCC  could  potentate  the  fluid  flow  calcium  response  by  regulating  the 
local  calcium  concentration  surrounding  the  ER  IP3  receptor,  but  at  levels  that  are  not  detectable 
with  our  imaging  system.  This  mechanism  would  require  that  the  VOCC  and  ER  IP3  receptor  are 
in  close  association.  Such  an  arrangement  has  previously  been  described  in  muscle  cells  between 
the  VOCC  and  ryanodine  sensitive  channels  (58). 

In  the  final  phase  of  our  investigation  we  related  these  intracellular  signaling  pathways  to 
the  regulation  of  gene  expression.  OPN  has  been  implicated  as  an  important  factor  in  triggering 
bone  remodeling  caused  by  mechanical  stress  in  vivo  (21).  Our  OPN  data  are  consistent  with  the 
in  vitro  results  of  Owan  et  al.  (7).  Steady-state  OPN  mRNA  levels  increased  almost  4  fold  within 
24  hours  after  2  hour  oscillatory  fluid  flow.  To  elucidate  the  role  of  Ca""^!  in  bone  cell 
mechanotransduction  and  OPN  gene  regulation,  thapsigargin  was  employed  to  empty  Ca^^i  stores 


which  prevents  Ca^^i  from  being  available  to  the  cells  during  the  oscillatory  flow  period. 
Thapsigargin  completely  abolished  the  increase  in  steady-state  OPN  mRNA  levels  that  occurred 
on  application  of  fluid  flow.  This  finding  combined  with  OPN’s  role  in  mechanically  mediated 
remodeling  suggests  a  prominent  role  of  cytosolic  calcium  mobilization  in  the  adaptation  of  bone 
to  mechanical  loading. 

While  our  results  suggest  that  both  Ca^^,  and  MAPK  are  involved  in  the  mechanical  stress 
induced  OPN  expression  in  bone  cells  via  oscillatory  flow,  the  relationships  between  Ca^^i  and 
MAPK  are  still  unclear.  Our  results  show  Ca^'^j  is  required  for  OPN  expression  induced  by 
oscillatory  flow.  However  some  investigators  demonstrated  that  steady  flow  in  chondrocytes 
activated  ERKl/2  in  a  way  which  did  not  require  Ca^^i,  and  Ca^^j  alone  was  not  sufficient  for 
MAPK  activation  by  steady  flow  (59).  Therefore  the  role  of  Ca^^j  in  MAPK  activation  under 
oscillatory  flow  remains  to  be  determined.  Little  is  known  about  the  signaling  pathways  between 
MAPK  and  target  genes,  although  some  investigations  have  shown  that  MAPK  phosphatase- 1 
may  act  as  a  mediator  to  regulate  target  gene  expression  in  vascular  smooth  muscle  cells  (27). 
Further  investigation  of  the  whole  cascade  of  mechanotransduction  in  bone  cells  is  necessary. 

In  summary,  our  study  demonstrates  that  oscillatory  fluid  flow  is  a  potent  physiological 
stimulator,  which  induces  Ca^^i  release,  and  OPN  gene  expression  via  ERKl/2  and  p38 
activation,  but  not  JNK.  OPN  gene  expression  required  Ca^’^j  mobilization.  Ca^'^j  is  mobilized 
using  primarily  the  IP3  pathway,  with  the  L-type  VOCC  membrane  channel  also  playing  a  role. 
Our  finding  elucidates  some  important  differences  in  the  characteristics  of  the  response  of  bone 
cells  to  oscillatory  flow  versus  non-reversing  steady/pulsatile  flow.  These  different  responses 
indicate  that  there  are  different  mechanotransduction  pathways  in  bone  cells,  depending  on 
stimulus  type,  and  selecting  an  appropriate  mechanical  stimulus  is  critical  in  understanding  the 
role  of  mechanical  loading  in  the  regulation  of  bone  cell  metabolism  in  vitro. 
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Figure  Legends 


Figure  1.  (A)  An  example  of  the  MC3T3-E1  cell  response  traces  obtained  for  oscillatory 

flow  (2N/m^,  IHz).  The  arrow  depicts  the  onset  of  flow  and  each  line  represents  an  individual 
cell  response.  (B)  Fraction  of  MC3T3-E1  cells  responding  with  an  increase  in  [Ca^"^!  to 
oscillatory  flow.  59.1±4.6%  of  cells  increased  [Ca^"^])  for  flow  period  and  8.9±1.6%  of  cells 
increased  [Ca^^];  for  no  flow  period.  The  data  were  obtained  from  6  individual  experiments  and  a 
total  of  334  cells.  *p<0.001  versus  no  flow  control. 

Figure  2.  Time  courses  for  p38,  ERKl/2,  and  JNK  activation  during  oscillatory  flow  (2N/m2, 
IHz).  At  each  time  point  the  cells  from  two  slides  were  combined  to  yield  sufficient  protein  for 
the  MAPK  activity  assay.  Kinase  activity  was  assayed  by  incubating  lysates  with  [y-^^P]  ATP  and 
MBP  (for  p38  MAPK  or  ERKl/2)  or  c-Jun  GSK  (for  JNK).  The  reaction  mix  was  subjected  to 
SDS-PAGE  and  phosphorylation  of  substrates  was  determined  by  autoradiography. 

Figure  3.  The  percent  changes  of  cell  osteopontin  mRNA  levels  in  response  to  oscillatory  flow 
(2N/m2,  IHz)  in  the  presence  of  different  drugs  compared  with  no  flow  control.  Each  bar 
represents  the  mean±SEM,  and  each  experiment  was  repeated  on  3  slides  (n=3).  *p<0,05  versus 
no  flow  control. 


Figure  4.  Effect  of  intracellular  Ca^"^  store  modulators  on  the  Ca^'*'i  response  to  oscillatory  flow 
(2N/m2,  IHz)  in  MC3T3-E1  cells.  (A):  Mean  percentage  of  cells  showing  a  spontaneous  Ca^”^ 
transient  in  absence  of  flow  (no-flow  control),  a  response  to  an  oscillatory  flow  (flow  control), 
and  the  presence  of  50nM  thapsigargin,  lOpM  GdCls,  20|J.M  nifedipine,  IpM  lyanodine,  20|a,M 


ryanodine,  lOOmM  2APB,  4-5|aM  U73343  and  U73122  (No  statistically  significant  difference 
was  noticed  between  4  and  5|a.M).  Each  bar  represents  the  mean+SEM.,  and  each  experiment  was 
repeated  on  40,  40,  6,  6,  8,  10,  10,  7,  8  and  9  slides,  respectively.  (B):  Mean  increase  in  [Ca*^],. 
in  cells  showing  a  spontaneous  Ca^"^  transient  in  a  response  to  an  oscillatory  flow  (flow  control), 
and  the  presence  of  50nM  thapsigargin,  lOpM  GdCls,  20pM  nifedipine,  IpM  ryanodine,  20pM 
ryanodine,  4-5|liM  U73343  and  U73122.  Each  bar  represents  the  mean±SEM.,  and  each 
experiment  was  repeated  on  40,  6,  6,  8,  10,  10,  8  and  9  slides,  respectively.  *p<0.05  versus  flow 
control.  #p<0.001  versus  flow  control.  **p<0.01  versus  U73343. 
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Although  it  is  well  accepted  that  bone  tissue  metabolism  is  regulated  by  external  mechani¬ 
cal  loads,  it  remains  unclear  to  what  load-induced  physical  signals  bone  cells  respond.  In 
this  study,  a  novel  computer-controlled  stretch  device  and  parallel  plate  flow  chamber 
were  employed  to  investigate  cytosolic  calcium  (Ca^'^i)  mobilization  in  response  to  a 
range  of  dynamic  substrate  strain  levels  (0.1-10  percent,  1  Hz)  and  oscillating  fluid  flow 
(2  N/m^,  1  Hz).  In  addition,  we  quantified  the  effect  of  dynamic  substrate  strain  and 
oscillating  fluid  flow  on  the  expression  of  mRN A  for  the  bone  matrix  protein  osteopontin 
(OPN).  Our  data  demonstrate  that  continuum  strain  levels  observed  for  routine  physical 
activities  (<0.5  percent)  do  not  induce  Ca^'^i  responses  in  osteoblastic  cells  in  vitro. 
However,  there  was  a  significant  increase  in  the  number  of  responding  cells  at  larger 
strain  levels.  Moreover,  we  found  no  change  in  osteopontin  mRN  A  level  in  response  to  0.5 
percent  strain  at  I  Hz.  In  contrast,  oscillating  fluid  flow  predicted  to  occur  in  the 
lacunar— canalicular  system  due  to  routine  physical  activities  (2  N/m  ,  1  H4.)  caused 
significant  increases  in  both  Ca‘’  i  and  OPN  mRNA.  These  data  suggest  that,  relative  to 
fluid  flow,  substrate  deformation  may  play  less  of  a  role  in  bone  cell  mechanotransduction 
associated  with  bone  adaptation  to  routine  loads.  [S0148-073 1(00)01204-8] 


Introduction 

It  is  well  known  that  mechanical  force  is  an  important  factor 
affecting  bone  adaption  and  formation.  Removal  of  mechanical 
stimulation  causes  reduced  bone  matrix  protein  production,  min¬ 
eral  content,  and  bone  formation  as  well  as  an  increase  in  bone 
resorption  [1].  Conversely,  increased  mechanical  loading  can  in¬ 
crease  bone  formation  and  decrease  bone  resorption  [2].  There¬ 
fore,  bone  is  capable  of  altering  its  external  shape  and  internal 
structure  to  support  the  load  bearing  demands  placed  upon  it  ef¬ 
ficiently.  However,  the  mechanism  by  which  bone  cells  sense  and 
respond  to  their  physical  environment,  including  mechanical  load¬ 
ing,  is  still  poorly  understood.  This  study  is  focused  on  the  cellu¬ 
lar  level  physical  signals  induced  by  external  mechanical  loading 
to  which  bone  cells  might  be  responding. 

A  number  of  potential  physical  signals  have  been  investigated 
in  terms  of  their  ability  to  regulate  bone  cell  metabolism  with  in 
vitro  culture  systems.  However,  the  majority  of  these  experiments 
have  been  criticized  for  either  applying  stimulus  levels  much  in 
excess  of  those  occurring  in  response  to  the  routine  bone  loads  or 
for  employing  mechanical  stimulation  systems  that  induce  unin¬ 
tended  physical  signals.  For  example,  bone  cells  are  known  to 
respond  to  electric  fields;  however,  the  levels  of  endogenously 
occurring  electric  fields  have  only  a  modest  effect  [3].  Another 
possibility  is  that  bone  cells  directly  sense  the  deformation  of  the 
substrate  to  which  they  are  attached.  Indeed,  substrate  deforma¬ 
tion  has  been  shown  to  influence  DNA  synthesis,  second  messen¬ 
ger  production  (cyclic  AMP),  release  of  paracrine  factors  (PGE2), 
the  activity  of  enzymes  important  to  mineralization  (alkaline 
phosphatase),  and  both  collagenous  and  non-collagenous  matrix 
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protein  synthesis  [4-6].  However,  the  flexible  membranes  utilized 
as  substrates  in  these  studies  exposed  the  cells  to  deformations  of 
between  5-fold  and  125-fold  greater  than  observed  to  occur  in 
bone  during  routine  physical  activity.  For  example,  in  humans 
during  vigorous  exercise,  surface  strains  remain  below  0.2  percent 
[7].  To  apply  smaller  deformations,  some  investigators  have  uti¬ 
lized  systems  based  on  bending  of  rigid  substrates  such  as  glass 
slides  [8-11].  Unfortunately  this  approach  exposes  the  cells  to 
significant  fluid  shear  stress  due  to  the  lateral  motion  of  the  slide 
through  the  bathing  media.  This  unintended  fluid  flow  is  complex 
and  potentially  turbulent  in  nature.  Moreover,  an  appropriate  con¬ 
trol  is  problematic,  since  rocking  or  tilting  of  a  control  slide  is 
unlikely  to  result  in  the  same  cellular  fluid  environment  as  the 
bending  slide  [9,1 1].  Owan  et  al.  [10]  were  able  to  distinguish  the 
effects  of  strain  from  the  effects  of  fluid  flow  by  varying  slide 
thickness.  They  concluded  that,  with  respect  to  osteopontin  (OPN) 
expression,  fluid  flow  was  the  predominant  physical  stimulus  and 
that  there  was  no  response  to  strain  levels  below  8  percent.  The 
approach  taken  in  this  study  was  to  utilize  a  system  designed  to 
apply  substrate  deformation  over  a  range  from  0.1-10  percent 
without  exposing  the  cells  to  fluid  flow. 

An  alternative  to  the  hypothesis  that  bone  cells  respond  directly 
to  deformation  is  that  they  sense  loading-induced  flow  of  fluid 
through  the  lacunar-canalicular  network  [12,13].  To  date  it  has 
proven  impossible  to  quantify  lacunar-canalicular  flow  magni¬ 
tudes.  However,  Weinbaum  et  al.  [14]  predicted  that  the  wall 
shear  stress  levels  experienced  by  bone  cells  in  vivo  range  from 
0.8-  3  N/m‘  on  the  basis  of  a  theoretical  model  validated  with 
respect  to  the  streaming  potentials  [13],  Smalt  et  al.  [15]  utilized  a 
system  capable  of  exposing  bone  cells  to  levels  of  substrate  strain 
comparable  to  those  experienced  by  bone  cells  in  vivo  during 
routine  physical  activities  without  induced  fluid  flow.  They  found 
no  increase  in  NO  or  PGE2  production  in  response  to  strain  (0.05- 
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^0.5  percent).  In  contrast,  exposure  to  fluid  flow  induced  both 
PGE2  and  NO  production  in  osteoblastic  cells.  However,  these 
studies  did  not  address  the  very  early  intracellular  signaling  event 
of  intracellular  calcium  (Ca~'^,)  mobilization,  which  may  be  sen¬ 
sitive  to  substrate  strain  without  affecting  PGE2  or  NO  production. 
Also,  they  did  not  employ  a  dynamic  or  oscillatory  flow  profile, 
which  would  be  the  predominant  type  of  flow  in  vivo  due  to  the 
dynamic  nature  of  routine  physical  activities  [16]  and  has  been 
demonstrated  to  mobilize  Ca^^,-  in  vitro  [17]. 

is  an  early  response  second  messenger  that  plays  a  role  in 
a  number  of  metabolic  pathways,  and  is  typically  observed  to 
increase  dramatically  within  seconds  of  stimulation.  As  a  second 
messenger,  transduces  extracellular  changes  (i.e.,  first  mes¬ 
senger)  to  the  cell  interior  and  potentially  to  the  genome,  and  is 
important  in  the  regulation  of  cellular  metabolism.  Ca"*^,  mobili¬ 
zation  in  response  to  steady  fluid  flow  in  bone  cells  has  been 
studied  [18],  but  not  in  response  to  substrate  strain  at  levels 
known  to  occur  during  routine  physical  activities.  We  have  taken 
an  approach  that  allows  us  to  distinguish  the  effects  of  dynamic 
substrate  strain  from  those  of  fluid  flow  by  applying  precisely 
controlled,  varied  dynamic  substrate  strain  levels,  without  induced 
fluid  flow. 

In  addition  to  Ca*"^, ,  we  chose  also  to  quantify  mRNA  levels  of 
the  osteopontin  (OPN)  gene  in  response  to  substrate  deformation 
and  fluid  flow.  OPN  is  characterized  as  one  of  the  predominant 
noncollagenous  proteins  that  are  accumulated  in  the  extracellular 
matrix  of  bone  in  a  wide  variety  of  vertebrates  [19,20].  OPN  is 
also  believed  to  be  an  important  factor  associated  with  bone  re¬ 
modeling  caused  by  mechanical  stress  in  vivo  [21].  In  several 
recent  studies  expression  levels  of  mRNA  for  OPN  were  shown  to 
be  modulated  in  response  to  mechanical  stimulation  of  bone  cells 
in  vitro  [6,22,23].  However,  these  data  were  obtained  with  applied 
strains  in  excess  of  those  expected  to  occur  during  routine  physi¬ 
cal  activities. 

In  this  study  we  exposed  bone  cells  to  controlled  levels  of  dy¬ 
namic  substrate  strain  ranging  from  0.1-10  percent  at  1  Hz  in  the 
absence  of  induced  fluid  flow  and  also  to  oscillating  dynamic  fluid 
flow  expected  to  occur  due  to  routine  physical  activities  in  the 
absence  of  substrate  strain.  In  order  to  ensure  that  our  findings  are 
not  an  artifact  of  our  cell  culture  model,  we  employed  a  variety  of 
bone  cell  types  including  human  osteoblastic  cells  (hFOB),  pri¬ 
mary  cultures  of  rat  osteoblasts  (ROB),  and  osteocytic  cells 
(MLO-Y4).  In  terms  of  biological  outcomes,  we  quantified  real¬ 
time  changes  in  Ca"'^/  and  steady-state  mRNA  levels  for  the  OPN 
gene.  Our  experimental  design  addresses  several  significant  un¬ 
studied  questions  including:  the  dose  response  relationship  be¬ 
tween  dynamic  substrate  strain  and  Ca""^, ;  whether  Ca’'^,-  is  af¬ 
fected  by  dynamic  substrate  strain  levels  expected  to  occur  during 
routine  physical  activities;  how  this  response  compares  with  the 
response  to  levels  of  dynamic  lacunar-canalicular  fluid  flow  ex¬ 
pected  to  occur  during  routine  physical  activities;  and  how  these 
two  physical  signals  independently  affect  OPN  mRNA  levels. 

Materials  and  Methods 

Cell  Culture.  Human  fetal  conditionally  immortalized  osteo¬ 
blastic  cells  (hFOB  1.19)  [24]  were  employed  in  this  study.  These 
cells  were  transfected  with  a  temperature-sensitive  promoter 
linked  to  the  SV40  gene  such  that  the  gene  is  expressed  at  37°  C 
and  expression  is  inhibited  when  the  cells  are  cultured  at  39.5° C. 
hFOB  cells  were  grown  in  Dulbecco’s  modified  Eagle  medium 
(DMEM)  with  nutrient  mixture  F-12  (DMEM/F12,  Gibco,  Gaith¬ 
ersburg,  MD)  supplemented  with  10  percent  fetal  bovine  serum 
(FBS)  and  1  percent  penicillin  and  streptomycin  at  37°C.  Before 
experiments,  hFOB  cells  were  transferred  into  a  39.5°  C  incubator 
for  24  hours  to  express  characteristics  of  mature  osteoblasts  [24]. 
To  confirm  that  our  dynamic  substrate  strain  responses  were  not 
an  artifact  of  the  behavior  of  the  cell  line,  we  also  utilized  primary 
cultures  of  rat  subperiosteal  osteoblastic  cells  (ROB)  and  osteo¬ 


cytic  (MLO-Y4)  cells.  ROB  cells  were  isolated  from  long  bones 
of  four-month-old  male  Fischer-344  rats,  as  previously  described 
[25].  We  have  demonstrated  that  cells  isolated  in  this  manner 
express  characteristics  of  the  osteoblast  phenotype.  ROB  cells 
were  cultured  in  DMEM  containing  20  percent  FBS  and  1  percent 
penicillin  and  streptomycin.  Osteocyte-like  cells  (MLO-Y4)  [26] 
provided  by  Dr.  Lynda  Bonewald  (University  of  Texas  Health 
Science  Center,  San  Antonio)  were  also  tested  for  dynamic  sub¬ 
strate  strain  responses.  MLO-Y4  cells  were  cultured  in  alpha 
modified  essential  medium  (oMEM)  supplemented  with  5  percent 
FBS,  5  percent  calf  serum  (CS)  and  1  percent  penicillin  and  strep¬ 
tomycin.  In  the  stretch  experiments  ROB  and  hFOB  cells  were 
grown  on  fibronectin-coaied  silicone  membranes  (Flexcell  Inter¬ 
national,  Hillsborough,  NC)  to  enhance  adhesion.  MLO-Y4  cells 
were  cultured  on  type  I  collagen  (PHexcell  International,  Hillsbor¬ 
ough,  NC),  which  is  required  to  maintain  the  osteocyte-like  phe¬ 
notype  [26].  For  the  flow  experiments,  bone  cells  were  cultured  on 
quartz  glass  slides  (76  mmX26  mmXl.6  mm)  for  calcium  imag¬ 
ing  and  on  normal  glass  slides  (75  mmX38  mmX  1.0  mm)  for  os¬ 
teopontin  studies. 

Dynamic  Substrate  Stretch  Device.  Our  dynamic  substrate 
deformation  apparatus  consisted  of  a  coated  silicone  membrane 
and  a  computer-controlled  ZETA  6104  motor-driven  micrometer 
(Parker  Hannifin  Corp.,  Rohner  Park,  CA).  One  end  of  the  mem¬ 
brane  was  fixed  to  the  microscope  stage  and  the  other  end  was 
connected  to  a  micrometer  (Fig.  1).  The  motor  can  be  accurately 
positioned  within  1  fxm  under  computer  control  to  apply  the  de¬ 
sired  dynamic  strain.  Dynamic  strains  consisted  of  a  triangle 
waveform  ranging  from  zero  to  maximal  tensile  strain  at  1  Hz. 
Strains  in  the  substrate  were  verified  by  tracking  optical  markers 
to  confirm  that  the  substrate  was  accurately  deformed.  Cells  were 
cultured  on  the  precoated  membranes  within  a  plastic  ring  filled 
with  medium  (Tyrode’s  solution  with  2  percent  raS)  that  mini¬ 
mized  the  fluid  flow  during  dynamic  stretch.  The  whole  dynamic 
stretch  device  was  placed  on  the  stage  of  a  Nikon  Diaphot  in¬ 
verted  microscope  equipped  for  epifiuorescence  and  computer  im¬ 
age  acquisition. 

Fluid  flow  levels  induced  by  our  dynamic  stretch  apparatus 
were  extremely  low.  For  instance,  1  percent  strain  in  our  appara¬ 
tus  only  creates  0.0001  N/m“  average  wall  shear  stress  [27]  and 
our  data  suggest  that  there  is  no  Ca’"^/  response  for  such  low 
levels  of  shear  stress.  Likewise,  0.68  mm  microscope  slides  were 
utilized  in  the  flow  experiments  to  eliminate  substrate 
deformation. 

Fluid  Flow  Device.  A  parallel  plate  flow  chamber  was  used 
to  apply  fluid  flow  [17].  The  design  was  modified  from  Frangos 
et  al.  [28]  to  accept  the  UV  transparent  quartz  glass  microscope 
slides  required  for  fluorescent  imaging.  The  flow  rate  was  quanti¬ 
fied  with  an  ultrasonic  flowmeter  (Transonic  Systems  Inc.,  Ithaca, 
NY).  Details  of  the  chamber  and  the  computer-controlled  dynamic 


Fig.  1  Schematic  of  the  substrate  stretch  device  consisting  of 
a  silicone  membrane  and  a  computer  motor-driven  micrometer. 
One  end  of  the  membrane  was  fixed  to  the  microscope  stage 
and  the  other  end  was  connected  to  the  micrometer.  Cells  were 
cultured  on  the  precoated  membrane  and  a  plastic  ring  filled 
with  medium  was  placed  on  the  membrane. 
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flow  delivery  system  are  given  in  Jacobs  et  al.  [17].  For  calcium 
studies,  the  rectangular  fluid  volume  measured  38  mmXlO  mm 
X0.28  mm,  A  larger  flow  chamber  with  a  rectangular  fluid  vol¬ 
ume  of  56  mmX24  mm  X 0.28  mm  was  employed  for  OPN  studies 
to  increase  the  mRNA  yield. 

Calcium  Imaging.  Intracellular  calcium  ion  concentration 
([Ca-']^)  was  quantified  with  the  fluorescent  dye  fura-2.  Fura-2 
exhibits  a  shift  in  absorption  when  bound  to  calcium  such  that 
emission  intensity  when  illuminated  with  ultraviolet  light  at  a 
wavelength  of  340  nm  increases  with  calcium  concentration,  and 
decreases  with  calcium  concentration  when  illuminated  at  380 
nm. 

Preconfiuent  (80  percent)  cells  were  washed  with  Tyrode's  so¬ 
lution  at  37° C  (39,5° C  for  hFOB),  which  contained  140  mM 
NaCl,  4  mM  KCl,  I  mM  MgCI.,  2  mM  CaCU.  5  mM  N-2- 
hydroxyethylipipera2ine-N-2-ethanesuiphonic  acid  and  10  mM 
glucose,  titrated  to  a  final  pH  of  7.4  with  4  mM  NaOH.  Cells  were 
then  incubated  with  1  /jM  fura-2-acetoxymethyi  ester  (Molecular 
Probes.  Eugene,  OR)  solution  for  30  min  at  37° C  (39.5° C  for 
hFOB).  The  cells  were  then  washed  again  with  fresh  Tyrode’s 
solution  prior  to  experiments. 

Cell  ensembles  were  illuminated  at  wavelengths  of  340  and  380 
nm  in  turn.  Emitted  light  was  passed  through  a  510  nm  interfer¬ 
ence  filter  and  detected  with  an  ICCD  camera  (International  LTD., 
Sterling,  VA).  Images  were  recorded  at  a  rate  of  one  every  second 
and  analyzed  using  image  analysis  software  (Metafluor:  Universal 
Imaging,  West  Chester,  PA).  Calibration  ratios  were  obtained  us¬ 
ing  fura-2  in  buffered  calcium  standards  supplied  by  the  manufac¬ 
turer  (Molecular  Probes,  Inc.,  Eugene,  OR).  Basal  [Ca'‘^],-  was 
sampled  for  0.5  min  followed  by  cyclic  mechanical  stretch.  We 
first  induced  dynamic  strains  of  0. 1  percent  for  0.5  min  followed 
by  a  3  min  rest  period  then  1  percent  strain,  rest.  5  percent,  rest. 
10  percent,  and  then  rest  (Fig.  2).  The  dynamic  stretch  was  ap¬ 
plied  as  a  triangle  wave  at  a  frequency  of  1  Hz.  Also  note  that  the 
corresponding  strain  rates  were  0.2  percent/s,  2  percent/s.  10 
percent/s,  and  20  percent/s,  respectively.  [Ca""^],-  images  were 
collected  during  the  no-stretch  rest  period  only.  To  negate  any 
possible  cumulative  effect  on  the  [Ca~’]/  responses  of  the  differ¬ 
ent  dynamic  strains,  we  also  applied  the  strain  in  order  of  decreas- 
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Fig.  2  Membrane  stretch  pattern.  We  first  induced  dynamic 
strains  of  0.1  percent  for  0.5  min  followed  by  a  3  min  rest  period 
then  1  percent  strain,  rest,  5  percent,  rest,  10  percent,  and  then 
rest.  The  order  of  strain  levels  was  also  reversed.  The  strain 
waveform  was  a  triangle  wave  and  the  frequency  for  all  strain 
experiments  was  1  Hz. 


ing  magnitude  (0.5  min  no  stretch  period  followed  by  a  3  min  rest 
period  then  10  percent  strain,  rest,  5  percent,  rest,  1  percent,  rest, 
0.1  percent  and  then  rest).  For  flow  experiments,  basal  [Ca*'^]^ 
was  sampled  for  0.5  min  followed  by  fluid  flow  onset. 

Osteopontin  mRNA  Analysis.  Quantitative  real-dme  reverse 
transcription  PCR  (QRT  RT-PCR)  was  employed  to  quantify 
steady-state  osteopontin  mRNA  levels.  This  technique  is  based  on 
the  detection  of  a  fluorescent  signal  produced  by  an  OPN-specific 
oligonucleotide  probe  during  PCR  amplification.  The  RNeasy 
Mini  Kit  (Qiagen,  Inc.,  Valencia,  CA)  was  used  to  extract  tot^ 
RNA.  Briefly,  cells  were  washed  with  PBS,  lysed,  and  homog¬ 
enized  using  the  QiAshredder  mini  column  (Qiagen,  Inc.,  Valen¬ 
cia.  CA).  After  binding  to  the  RNeasy  column,  total  RNA  was 
eluted  with  RNase-free  water  and  collected.  The  osteopontin 
mRNA  level  was  determined  by  using  quantitative  real  time  RT- 
PCR  (Prism  7700  Sequence  Detector,  Applied  Biosystems,  Frost 
City,  CA).  The  fluorogenic  oligonucleotide  probe  for  human  os¬ 
teopontin  was  5’-CGC  CGA  CCA  AGG  AAA  ACT  CAC  TAC 
CA-3’  (Synthetic  Genetics,  San  Diego,  CA).  The  forward  and 
reverse  PCR  primers  were  5’-TTG  CAG  CCT  TCT  CAG  CCA 
A-3\  and  5^-CAA  AAG  CAA  ATC  ACT  GCA  ATT  CTC-3’, 
respectively  [29].  Relative  changes  in  the  levels  of  OPN  mRNA 
and  18S  rRNA  were  quantified  72  hours  after  mechanical 
stimulation. 

Data  Analysis.  We  used  a  numerical  procedure  from  me¬ 
chanical  analysis,  known  as  Rainflow  cycle  counting,  to  identify 
calcium  oscillations  [17,30].  Briefly,  this  technique  identifies 
complete  cycles  or  oscillations  in  the  time  history  data  even  when 
they  are  superimposed  upon  each  other,  and  therefore  can  be  used 
to  distinguish  and  quantify  [Ca“'*']/  responses  from  background 
noise.  We  defined  a  response  as  an  oscillation  in  [Ca-'^],-  of  20  nm 
or  greater.  Base  line  [Ca"“]^-  data  were  recorded  for  0.5  min  fol¬ 
lowed  by  application  of  desired  dynamic  substrate  strain  or  fluid 
flow. 

Data  were  expressed  as  mean  ±SEM.  To  compare  observa¬ 
tions  from  different  dynamic  substrate  strains,  a  two-sample  Stu¬ 
dent's  r-test  was  used  in  which  sample  variance  was  not  assumed 
to  be  equal.  To  compare  observations  from  more  than  two  groups, 
a  one-way  analysis  of  variance  was  employed  followed  by  a 
Student-Newman-Keuls  multiple  comparisons  post-hoc  test  (In- 
stat,  GraphPad  Software,  Inc,,  San  Diego,  CA).  p<0.05  was  con¬ 
sidered  statistically  significant. 

Results 

Responses  to  Different  Substrate  Strains.  Typical 
cell  Ca-*y  responses  are  shown  in  Fig.  3.  The  fraction  of  hFOB 
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Fig.  3  An  example  of  the  hFOB  cell  [Ca^"^]/  response  traces 
obtained  for  oscillating  flow  (2  N/m^,  1  Hz).  Note  that  the  arrow 
depicts  the  onset  of  flow. 
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Fig.  4  Fraction  of  hFOB  cells  responding  with  an  increase  in  [Ca^*^];  at  different  substrate  strains  and  the  mean 
response  amplitude.  0.48±0.48  percent,  1.31±0.64  percent,  2.34±0.96  percent,  3.36±1.18  percent  and  8.15±0.95  per¬ 
cent  of  hFOB  cells  responded  for  no  stretch,  0.1, 1,  5,  and  10  percent  strain,  respectively.  Mean  response  amplitudes  of 
hFOB  cells  were  37.53±6.83,  45.60±  10.81,  41 .68±  14.00,  39.63±6.32,  and  50.57±9.91  nM  for  no  stretch,  0.1, 1,  5,  and  10 
percent  strain,  respectively.  The  data  were  obtained  from  six  individual  experiments  and  a  total  of  246  cells.  (*  repre¬ 
sents  statistically  significant  difference  (p<0.05)  from  other  four  groups,  no  stretch,  0.1,  1,  and  5  percent  strain). 
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Fig.  5  Fraction  of  hFOB  cells  responding  with  an  increase  in 
[Ca^*^]/  at  the  reversing  ordering  of  application  of  the  various 
substrate  strains.  1.16±0.32,  9.40±1.46,  4.57±0.50,  3.40 
±0.22,  and  1.90±0.29  percent  of  hFOB  cells  responded  for  no 
stretch,  10,  5,  1,  and  0.1  percent  strain,  respectively.  The  data 
were  obtained  from  four  individual  experiments  and  a  total  of 
229  cells.  (*  represents  statistically  significant  difference  (p 
<0,05)  from  other  four  groups,  no  stretch,  5, 1,  and  0.1  percent 
strain). 
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cells  responding  with  an  increase  in  Ca~'^/  at  different  substrate 
strains  is  shown  in  Fig.  4.  The  data  were  obtained  from  six  indi¬ 
vidual  experiments  (slides)  and  a  total  of  246  cells.  The  .percent¬ 
age  of  cells  responding  to  substrate  strain  levels  expected  to  occur 
during  routine  physic^  loading  (0. 1  percent,  1  Hz)  was  not  statis¬ 
tically  different  from  the  percentage  of  cells  exhibiting  spontane¬ 
ous  Ca""^;  transients  during  the  nonstretch  control  period  (1.31 
±0.64  percent  and  0.48 ±0.48  percent,  respectively).  When 
strains  were  increased  to  1  percent  and  5  percent,  the  percentage 
of  cells  responding  increased  to  2,34 ±0.96  percent  and  3.36 
±1.18  percent,  respectively.  However,  these  changes  were  not 
significantly  different  from  the  nonstretch  control  period.  At  a 
strain  of  10  percent,  the  percentage  of  cells  responding  increased 
to  8. 15  ±0.95  percent,  which  was  significantly  greater  than  ail  the 
other  strain  levels  (p<0.05).  Mean  response  amplitudes  are 
shown  in  Fig.  4.  The  amplitudes  of  37.53±6.83 nM,  45.60 
±  10.81  nM,  41.68:z  14.00nM,  39.63±6.32nM,  and  50.57 
±9.91  nM  (;7>0.05)  were  not  statistically  different  from  one  an¬ 
other.  The  fraction  of  hFOB  cells  responding  with  an  increase  in 
Ca'^,-  to  the  reversed  order  of  strain  application  is  shown  in  Fig.  5. 
10  percent  dynamic  strain  still  induced  statistically  significant 
Ca'^,  responses  compared  with  all  other  cases.  The  results  for 
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Fig  6  Fraction  of  cells  responding  with  an  increase  in  [Ca^^]/  at  different  substrate  strains  for  ROB  cells 
MLO-Y4  cells  (right).  0.45±0.45,  0.35±0.35,  2.85±0.79,  3.30±0.90,  and  12.46±1.91  percent  were  the  percentages  of  ROB 
cells  responding  for  no  stretch,  0.1 , 1 ,  5,  and  1 0  percent  strain.  Only  the  response  for  1 0  percent  strain  was  significantly 
different  from  those  of  four  other  cases.  The  results  for  ROB  cells  were  from  six  individual  experiments  that  contained 
total  293  cells.  The  percentages  of  responding  ML0-Y4  cells  were  0.39±0.39,  0.48±0.48,  2.72±1.04,  3.55±1.15,  and 
9.53±2.17  percent  tor  no  stretch,  0.1,  1,  5,  and  10  percent  strain.  The  response  of  10  percent  strain  was  significantly 
different  from  those  for  0.1, 1,  and  5  percent  strain.  Six  individual  experiments  had  total  227  MLO-Y4  cells.  (*  represents 
statistically  significant  difference  (p<0.05)  from  other  four  groups,  no  stretch,  0.1,  1,  and  5  percent  strain). 
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Fig.  7  Fraction  of  cells  responding  with  an  increase  in  [Ca^"^]/ 
to  dynamic  substrate  strain  (0.5  percent,  1  Hz)  and  oscillatory 
flow  (2  N/m^,  1  Hz)  for  hFOB  cells.  The  percentage  numbers 
were  2.24±1.28  percent  for  dynamic  strain  and  12.30±1.88  per¬ 
cent  for  oscillating  flow.  The  total  cell  numbers  for  strain  and 
flow  were  122  and  332,  respectively. 
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Fig.  8  The  relative  hFOB  cell  osteopontin  mRNA  level  change 
in  response  to  physical  stimuli:  substrate  deformation  0.99 
±0.12  (n-3)  and  oscillating  fluid  flow  1.95±0.40  (n=»2).  The 
mRNA  level  was  measured  72  hours  after  stimulation. 


ROB  and  MLO-Y4  cells  exposed  to  varying  levels  of  substrate 
strain  were  similar  to  that  obtained  for  hFOB  cells  (Fig.  6).  As 
with  the  hFOB  ceils,  a  statistically  significant  response  was  found 
only  for  a  10  percent  strain.  The  mean  response  amplitudes  of 
ROB  and  MLO-Y4  cells  were  not  significantly  different  for  all 
cases  (data  not  shown). 


Responses  to  Routine  Substrate  Strains  and  Oscilla¬ 
tory  Fluid  Flow.  The  levels  of  substrate  strain  and  oscillatory 
fluid  flow  associated  with  routine  physical  activity  were  obtained 
from  the  literature  [7,13].  The  results  for  hFOB  cells  are  given  in 
Fig.  7.  As  in  the  previous  experiments,  the  number  of  cells  that 
responded  to  strains  of  0.5  percent  at  1  Hz  was  not  significantly 
different  from  no-stretch  control.  In  contrast,  there  was  a  signifi¬ 
cant  (/7<0.05)  increase  in  the  percentage  of  cells  responding  to 
oscillatory  flow  (2  N/m",  1  Hz). 

Osteopontin  mRNA  Level.  Osteopontin  mRNA  levels  in 
hFOB  were  quantified  in  response  to  0.5  percent  substrate  strain  at 
1  Hz  and  oscillating  fluid  flow  at  1  Hz,  resulting  in  a  wall  shear 
stress  of  2  N/m"  utilizing  QRT  RT-PCR.  There  was  no  statisti¬ 
cally  significant  change  in  osteopontin  mRNA  level  in  response  to 
0.5  percent  stretch  (Fig.  8)  compared  to  nonsiretch  controls.  The 
relative  change  in  hFOB  osteopontin  mRNA  level  was  0.99 


±0.12  (n  =  3).  However,  oscillating  fluid  flow  increased  the  os¬ 
teopontin  mRNA  level  nearly  100  percent  (1.95±0.40,  n-2) 
relative  to  nonstretch  controls. 


Discussion 

Whether  mechanical  adaptation  of  bone  occurs  as  a  direct  re¬ 
sponse  to  strain,  or  indirectly  as  a  response  to  strain-induced  fluid 
flow  remains  a  controversial  subject.  A  number  of  studies  of  the 
biological  effect  of  strains  above  0.5  percent  can  be  found  in  the 
literature  [4-6,31].  However,  there  are  few  studies  restricted  to 
the  effects  of  strain  levels  expected  to  occur  due  to  routine  me¬ 
chanical  loading  (strain  <0.5  percent  [7,10,15]).  In  this  study  a 
novel,  precisely  controlled  membrane  stretch  device  was  em¬ 
ployed  to  assess  the  response  of  osteoblastic  cells  to  varying  me¬ 
chanical  strains  (0,1-10  percent,  1  Hz)  without  inducing  fluid 
flow.  The  effect  of  oscillatory  fluid  flow  on  bone  cells  was  studied 
with  a  parallel  plate  flow  chamber  system  [17]  at  levels  expected 
to  occur  in  the  lacunar-canalicular  system  due  to  routine  physical 
activity.  These  two  methods  give  us  the  ability  to  separate  the 
effects  of  substrate  deformation  from  those  of  fluid  flow.  Focusing 
on  physical  signals  that  may  occur  due  to  routine  physical  activi¬ 
ties  is  critical  to  fully  understanding  the  mechanism  of  mechan- 
otransduction  in  bone  cells  in  vivo. 

Our  data  demonstrate  that  continuum  strain  levels  observed  to 
occur  in  bone  during  routine  physical  activities  do  not  induce 
Ca-^j  responses  in  human  osteoblastic  cells  (hFOB),  primary  cul¬ 
tures  of  rat  bone  cells  (ROB)  or  osteocytic  cells  (MLO-Y4)  in 
vitro.  There  was  no  significant  difference  (p>0.05)  in  the  per¬ 
centage  of  cells  responding  in  the  no  stretch  period  compared  with 
0.1  percent  substrate  strain  at  1  Hz  for  all  three  cell  types.  Larger 
strains  (1-5  percent)  induced  responses  only  in  approximately  5 
percent  of  total  cells,  which  were  still  not  significantly  different 
from  control  (p>0.05).  When  the  strain  reached  10  percent,  the 
number  of  cells  exhibiting  a  Ca'^,-  response  increased  signifi¬ 
cantly.  The  difference  between  10  percent  stretch  and  all  other 
situations  (no  stretch,  0. 1  percent,  1  percent  or  5  percent  stretch) 
was  significant  (p<  0.001).  The  results  of  hFOB  cells  responding 
with  an  increase  in  to  the  reversed  order  of  application  of 
strain  application  indicate  that  the  responses  for  each  strain 
level  were  independent  and  not  cumulative.  We  observed  differ¬ 
ences  in  Ca*"^/  responsiveness,  in  terms  of  the  fraction  of  respond¬ 
ing  ceils,  which  were  not  paralleled  by  response  amplitude.  Thus, 
there  was  no  relationship  between  [Ca”"^]/  oscillation  amplitude 
and  the  magnitude  of  substrate  stretch.  This  suggests  that  the  bone 
cell  Ca“’^/  response  to  substrate  deformation  is  an  all-or-none  re¬ 
sponse  and  that  bone  cell  sensitivity  to  loading  intensity  is  ex¬ 
pressed  in  terms  of  the  number  of  responding  cells  rather  than 
their  [Ca"'^]^  oscillation  amplitude.  This  is  consistent  with  obser¬ 
vations  of  the  Ca“^,  response  of  bovine  aortic  endothelial  cells 
[32],  articular  chondrocytes  [33]  and  bone  cells  [17,18]  to  fluid 
flow.  Our  data  support  tiie  concept  that  there  may  be  a  threshold 
for  bone  cell  response  to  substrate  strain  in  vitro,  and  are  in  agree¬ 
ment  with  the  conclusion  of  Owan  et  al.  [10],  that  this  threshold 
appears  to  be  between  5  and  10  percent.  Our  results  are  also 
consistent  with  previous  studies  [4-6,31],  which  employed  strain 
at  or  above  5  percent.  However,  in  vivo  data  [7]  have  shown  that 
continuum  bone  tissue  strains  remain  less  than  0.5  percent  under 
routine  conditions  of  physical  activity.  Indeed,  tissue  strains  in 
excess  of  this  level  are  associated  with  tissue  failure.  High  strain 
magnitudes  (5  percent  and  higher)  can  occur  in  pathologic  condi¬ 
tions  such  as  fracture.  Thus  bone  cell  mechanotransduction  may 
involve  two  distinct  pathways.  The  first  pathway  would  play  a 
role  in  bone  tissue  adaptation  and  homeostasis  and  would  be  me¬ 
diated  by  loading-induced  oscillating  fluid  flow  as  a  cellular 
physical  signal,  but  not  substrate  stretch.  The  second  pathway 
would  be  activated  in  fracture  healing  and  repair  and  involve  di¬ 
rect  cellular  sensitivity  to  large  substrate  deformation. 

In  addition  to  substrate  strain,  mechanical  loading  of  bone  tis- 
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sue  has  been  shown  to  increase  fluid  flow  through  the  lacunar- 
canalicular  spaces  [34].  Therefore,  in  addition  to  examining  the 
dose  response  of  bone  cell  [Ca"’],  to  substrate  strain,  we  also 
quantified  the  [Ca-'^]^  and  OPN  mRNA  responses  to  substrate 
strain  relative  to  fluid  flow  regimes  expected  to  occur  due  to  typi¬ 
cal  physical  activities.  Lacunar-canalicular  flow  occurs  due  to 
two  phenomena,  arterial  pressure  that  leads  to  steady  flow,  and 
mechanical  loading  that  leads  to  oscillating  flow.  Loading-induced 
fluid  flow  is  oscillatory  due  to  the  cyclic  nature  of  the  applied 
loads.  When  load  is  applied  to  bone,  fluid  flows  from  regions  of 
relative  high  strain  to  regions  of  low  relative  strain,  and  reverses 
direction  when  the  load  is  removed  [35].  In  this  study,  oscillating 
fluid  flow  resulting  in  a  wall  shear  stress  of  2  N/m~  applied  at  1 
Hz  induced  Ca“^/  responses  that  were  similar  to  those  for  10 
percent  dynamic  substrate  strain  at  1  Hz.  Furthermore,  dynamic 
strain  at  0.5  percent  and  1  Hz  did  not  alter  OPN  mRNA  level,  but 
oscillating  flow  almost  doubled  the  level  of  OPN  mRNA.  Funher- 
more,  these  results  are  consistent  with  the  findings  of  Haner  et  al. 
[22]  and  Toma  et  al.  [6]  who  found  osteogenic  changes  in  OPN 
expression  only  for  strains  in  excess  of  1  percent.  Although  the 
responsiveness  of  bone  cells  to  steady  flow  has  been  reported  to 
be  greater  than  that  to  oscillatory  flow  [17],  oscillatory  flow  is  the 
predominant  flow  regime  in  vivo  [16].  Moreover,  relative  to  rou¬ 
tine  dynamic  strain  levels,  our  data  suggest  that  routine  levels  of 
oscillating  fluid  flow  may  be  more  stimulatory  to  bone  cells,  pos¬ 
sibly  because  fluid  flow  may  result  in  more  cellular  deformation 
than  substrate  stretch. 

This  study  has  focused  on  determining  the  aspects  of  the  physi¬ 
cal  environment  of  the  cell  involved  in  the  response  of  bone  tissue 
to  routine  mechanical  loading.  Two  biological  outcome  variables 
were  quantified,  Ca~^,  mobilization  and  osieopontin  mRNA  level. 

,  is  a  ubiquitous  second  messenger  that  controls  a  number  of 
cellular  responses  [36-38],  and,  as  such,  may  have  an  important 
role  in  the  mechanotransduction  mechanism  for  bone  cells 
[17,18,39.40].  In  addition.  Car'll  mobilization  is  one  of  the  earliest 
notable  intracellular  signals  we  can  explore.  Osteopontin  (OPN)  is 
one  of  the  major  noncollagenous  proteins  found  in  bone  extracel¬ 
lular  matrix  and  is  considered  to  play  an  important  role  in  bone 
formation,  resorption  and  remodeling  [21.41-43],  Thus,  [Ca-^]^ 
and  OPN  expression  have  both  been  implicated  in  the  literature  to 
play  important  roles  in  the  biochemistry  of  bone  cell  mechan¬ 
otransduction.  In  our  study  they  have  been  treated  as  two,  possibly 
independent,  biologic  endpoints  that  span  a  range  from  relatively 
early  to  relatively  late  changes  in  bone  cell  metabolism.  We  do 
not,  however,  suggest  that  they  are  necessarily  part  of  a  single 
biochemical  pathway. 

Indeed,  while  our  results  suggest  that  oscillating  fluid  flow  may 
be  a  more  significant  physical  signal  relative  to  substrate  defor¬ 
mation  in  cellular  sensing  of  roudne  physical  activities,  the  bio¬ 
chemical  mechanotransduction  mechanism  remains  unclear.  For 
example,  both  extracellular  and  intracellular  Ca““  sources  are 
known  to  contribute  to  the  Ca-*,  response  to  steady  fluid  flow  in 
bone  ceils  and  chondrocytes  [18,44].  It  is  possible  that  the  Ca'^ 
sources  contributing  to  Car^i  response  we  have  observed  for  sub¬ 
strate  deformation  and  oscillating  fluid  flow  may  be  different. 
However,  the  significance  of  such  an  experiment  is  limited  by  our 
finding  of  a  lack  of  a  Ca"^,-  response  to  continuum  strain  at  levels 
observed  to  occur  during  routine  physical  activity.  Identification 
of  the  source  of  in  the  response  to  oscillating  fluid  flow  as 
well  as  linking  the  Car'll  and  OPN  responses  are  important  aims 
for  future  experiments,  but  not  consistent  with  the  focus  of  our 
current  study,  namely  extracellular  physical  signals.  Our  results 
suggest  that  oscillating  fluid  flow  is  an  appropriate  physical  signal 
for  future  investigations  of  the  biochemical  mechanotransduction 
pathway. 

Some  limitations  should  be  acknowledged  when  interpreting 
our  results.  First,  although  accurate  data  are  available  concerning 
the  continuum  level  of  strain  resulting  from  routine  physical  ac¬ 


tivities.  no  direct  experimental  quantification  of  lacunar- 
canalicular  flow  currently  exists  in  the  literature.  We  have  based 
our  applied  flow  regime  on  the  best  currently  available  scientific 
evidence.  Specifically,  our  flow  protocol  is  based  on  theoretical 
predictions  that  have  been  validated  with  respect  to  experimental 
measurements  of  flow-induced  streaming  potentials  [13].  Also, 
due  to  the  two  different  experimental  apparatuses  utilized  in  this 
study,  the  substrates  upon  which  ceils  were  cultured  were  differ¬ 
ent  between  dynamic  substrate  stretch  and  fluid  flow  experiments. 
In  the  hFOB  and  ROB  stretch  experiments  the  substrate  was  fi- 
bronectin  coated  silicone  membranes  versus  uncoated  quartz  glass 
for  the  flow  experiments.  However,  both  published  [17]  and  un¬ 
published  experiments  in  our  laboratory  have  not  found  a  signifi¬ 
cant  effect  on  bone  cell  [Ca"^],-  sensitivity  of  a  fibronectin  coating 
versus  uncoated  quartz  glass  slides.  All  MLO-Y4  experiments 
were  conducted  with  type  I  collagen  coaled  substrates  to  maintain 
the  osteocytic  phenotype.  Finally,  the  waveforms  of  the  two  de¬ 
vices  were  subtly  different  due  to  the  technical  capabilities  of  the 
two  systems.  A  triangle  wave  was  utilized  in  the  strain  experi¬ 
ments  and  a  sine  wave  utilized  in  the  flow  experiments. 

In  summary,  using  our  novel  substrate  stretch  device  and  fluid 
flow  chamber,  we  have  been  able  to  elucidate  the  effects  of  sub¬ 
strate  deformation  and  fluid  flow  on  bone  cells  independently. 
This  study  represents  the  first  published  results  for  the  dose- 
response  effect  of  dynamic  substrate  strains  on  cytosolic  calcium 
mobilization  and  oscillatory  fluid  flow  on  OPN  mRNA  levels.  Our 
data  suggest  that  the  continuum  levels  of  dynamic  substrate  strain 
observed  to  occur  due  to  routine  physical  activities  do  not  increase 
[Ca“'^]/  or  OPN  mRNA  levels  in  vitro.  However,  a  fluid  flow 
regime  predicted  to  occur  due  to  routine  physical  loading  in¬ 
creased  both  [Ca""^],-  and  OPN  mRNA  levels.  Therefore,  relative 
to  fluid  flow,  substrate  deformation  may  play  less  of  a  role  as  a 
physical  signal  in  bone  cell  mechanotransduction  of  routine 
loading. 
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ABSTRACT 

Morphological  evidence  shows  that  osteocytes,  bone  cells  that  exist  enclosed  within  bone  matrix,  are  connected 
to  one  another  and  to  surface  osteoblasts  via  gap  junctions;  however,  it  is  unknown  whether  these  gap  Junctions 
are  functional.  Using  a  newly  established  murine  osteocytic  cell  line  MLO-Y4,  we  have  examined  functional  gap 
junctional  intercellular  communication  (GJIC)  between  osteocytic  cells  and  between  osteocytic  and  osteoblastic 
cells.  In  our  hands,  MLO-Y4  cells  express  phenotypic  characteristics  of  osteocytic  cells  including  a  stellate 
morphology,  low  alkaline  phosphatase  activity,  and  increased  osteocalcin  messenger  RNA  (mRNA)  compared 
with  osteoblastic  cells.  Northern  and  Western  blot  analysis  revealed  that  MLO-Y4  cells  express  abundant 
connexin  43  (Cx43)  mRNA  and  protein,  respectively.  Lucifer  yellow  dye  transferred  from  injected  to  adjacent 
cells  suggesting  that  osteocytic  cells  were  functionally  coupled  via  gap  junctions.  Functional  GJIC  between 
osteocytic  and  osteoblastic  (MC3T3-E1)  cells  was  determined  by  monitoring  the  passage  of  calcein  dye  between 
the  two  cell  types  using  a  double  labeling  technique.  The  ability  of  bone  cells  to  communicate  a  mechanical 
signal  was  assessed  by  mechanically  deforming  the  cell  membrane  of  single  MLO-Y4  cells,  cocultured  with 
MC3T3-E1  cells.  Deformation  induced  calcium  signals  in  MLO-Y4  cells  and  those  elicited  in  neighboring 
MC3T3-E1  cells  were  monitored  with  the  calcium  sensitive  dye  Fura-2.  Our  results  suggest  that  osteocytic 
MLO-Y4  cells  express  functional  gap  junctions  most  likely  composed  of  Cx43.  Furthermore,  osteocytic  and 
osteoblastic  cells  are  functionally  coupled  to  one  another  via  gap  junctions  as  shown  by  the  ability  of  calcein  to 
pass  between  cells  and  the  ability  of  cells  to  communicate  a  mechanically  induced  calcium  response.  (J  Bone 
Miner  Res  2000;15:209-217) 

Key  words:  calcein,  connexin  43,  mechanotransduction,  cell-cell  communication,  bone 


INTRODUCTION 

Doty  provided  the  first  morphological  evidence  for  the 
existence  of  gap  junctions  between  bone  cells  in 
vivo/*^  This  observation  had  significant  implications  in  the 
field  of  bone  cell  biology,  because  gap  junctions  are  known 
to  be  involved  in  intercellular  communication.  Gap  junc- 


*  Presented  in  part  at  the  43  rd  Annual  Meeting  of  the  Biophysical 
Society,  Baltimore  1999  and  the  38th  Annual  Meeting  of  the  American 
Society  of  Cell  Biology  1998. 


tions  are  membrane  spanning  channels,  which  facilitate 
intercellular  communication  by  allowing  passage  of  small 
molecules  (<I  kDa),  such  as  calcium,  inositol  phosphates, 
and  cyclic  nucleotides,  from  cell  to  cell.  They  also  provide  a 
means  by  which  ceils  can  be  electrically  coupled.  It  has  been 
recognized  for  some  time  that  this  network  of  interconnect¬ 
ing  bone  cells  might  play  a  role  in  coordinating  cellular 
activity  in  bone. 

Using  theoretical  and  experimental  approaches,  several 
functions  for  gap  junctions  in  bone  have  been  proposed. 
These  include,  for  example,  a  role  for  gap  junctional 
intercellular  communication  (GJIC)  in  the  transmission  of 
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mechanical  and  chemical  (hormonal)  signals  from  one  area 
of  bone  to  another  and  the  ability  of  cellular  networks  to 
initiate  a  coordinated  response  to  external  stimuli.  A  role  for 
GJIC  in  hormonal  responsiveness  was  suggested  by  experi¬ 
ments  that  showed  that  osteoblastic  cells,  rendered  gap 
junction  deficient  by  transfection  with  antisense  to  connexin 
43  (Cx43),  were  dramatically  less  responsive  to  parathyroid 
hormone.^2^  In  addition,  it  has  been  shown  that  calcium 
signals  induced  by  direct  membrane  deformation  are  propa¬ 
gated  via  gap  junctions  to  neighboring  cells.^^  '*^  These  data 
suggest  that  GJIC  is  critical  to  the  mechanism  by  which 
external  signals,  both  chemical  (hormonal)  and  mechanical, 
are  transduced  and  integrated  by  bone  cell  networks. 

To  date,  experimental  work  has  focused  primarily  on  the 
nature  and  function  of  gap  junctional  coupling  between 
adjacent  osteoblastic  cells.  Osteoblasts  are  found  on  areas  of 
growing  or  remodeling  bone,  where  they  are  responsible  for 
matrix  synthesis  and  mineralization.^^^  As  a  result  of  matrix 
deposition,  osteoblasts  become  embedded  in  the  matrix, 
cease  matrix  synthesis,  and  become  osteocytes.  Morphomet¬ 
ric  studies  suggest  that  osteocytes  retain  contact  with 
neighboring  osteocytes  and  ultimately  surface  osteoblasts, 
via  slender  cytoplasmic  processes,  which  contain  gap  junc¬ 
tions.  Osteocytes,  from  their  position  deep  within  the  bone 
matrix  are  ideally  situated  to  detect  mechanical  loading  and 
transduce  it  into  an  appropriate  remodeling  response.  Addi¬ 
tionally,  gap  junctions  might  enable  osteocytes  to  act  in  a 
coordinated  manner  passing  information  between  them¬ 
selves  and  surface  osteoblasts.  However,  there  is  relatively 
little  known  about  the  structure  and  function  of  gap  junc¬ 
tions  between  osteocytes,  attributable  to,  in  part,  the  diffi¬ 
culty  associated  with  isolating  and  culturing  these  cells. 
Indeed,  it  is  unknown  whether  osteocytes  express  functional 
gap  junctions.  Early  attempts  to  demonstrate  functional  bone 
cell  GJIC  in  vivo  were  equivocal  and  did  not  clearly  show 
osteocytic  GJIC.^^^ 

To  overcome  the  difficulties  associated  with  isolating  and 
culturing  large  numbers  of  osteocytes,  Kato  et  al.  have 
established  an  osteocytic  cell  line  MLO-Y4,  which  is 
derived  from  murine  long  bone.^^^  This  cell  line  was 
developed  from  transgenic  mice  in  which  the  SV40  large 
T-antigen  oncogene  was  expressed  under  the  control  of  the 
osteocalcin  promoter,  which  is  abundantly  expressed  in 
osteocytes.  Cells  were  isolated,  and  the  cell  line  MLO-Y4 
was  cloned  from  a  single  colony,  which  was  selected  based 
on  expressing  the  characteristic  osteocyte  dendritic  morphol¬ 
ogy.  The  successful  establishment  of  an  osteocytic  cell  line 
allows  us  to  examine  directly  the  hypothesis  that  osteocytes 
express  functional  gap  junctions  and  that  they  communicate 
with  osteoblasts  via  gap  junctions.  We  found  that  murine 
osteocytic  MLO-Y4  cells  not  only  express  functional  gap 
junctions,  but  they  also  are  coupled  to  murine  osteoblastic 
MC3T3-E1  cells  via  gap  junctions. 


METHODS 

Cell  culture 

The  immortalized  mouse  osteocytic  cell  line  MLO-Y4 
was  kindly  provided  by  Dr.  Lynda  Bonewaid  (University  of 


Texas  Health  Science  Center,  San  Antonio,  TX).  Cells  were 
cultured  on  collagen-coated  dishes  (rat  tail  collagen  type  I, 
0.15  mg/ml,  Collaborative  Biomedical  Products,  MA,  U.S.A.) 
and  maintained  in  a  modified  essential  medium  (a-MEM) 
supplemented  with  5%  fetal  bovine  serum  (FBS),  5%  calf 
serum  (CS),  and  1%  penicillin  and  streptomycin,  in  a 
humidified  95%  air  5%  CO2  atmosphere  at  37°C,  as 
described.^^^  MC3T3-E1  mouse  osteoblastic  cells  were  cul¬ 
tured  in  a-MEM  supplemented  with  10%  FBS  and  1% 
penicillin  and  streptomycin,  conditions  under  which  these 
cells  are  not  fully  differentiated.  However,  MC3T3-E1  cells 
used  for  quantification  of  alkaline  phosphatase  activity  were 
grown  in  differentiation  media,  a-MEM  with  10%  char¬ 
coal  stripped  FBS,  10“^  M  1,25-dihydroxy  vitamin  D3 
I1,25(0H)2D3],  50  pg/ml  ascorbic  acid,  and  10“8  M  menadi¬ 
one.  For  dye  transfer  and  calcium  signal  propagation 
experiments,  cells  were  plated  on  25 -mm  round  coverslips 
(no.  1)  coated  with  collagen  type  I  and  grown  to  90-100% 
confluence  (approximately  48-72  h).  Rat  osteoblastic  ROS 
17/2.8  cells  were  cultured  in  Ham’s  F12  supplemented  with 
10%  FBS,  1%  Na  pyruvate,  and  1%  penicillin  and  streptomy¬ 
cin  while  rat  osteoblastic  UMR106  cells  were  cultured  in 
MEM  supplemented  with  10%  FBS,  1%  nonessential  amino 
acids,  2%  HEPES,  and  1%  penicillin  and  streptomycin. 

RNA  isolation  and  Northern  blot  analysis 

Cells  were  plated  at  2  X  lO'^  cells/cm“  in  100-mm- 
diameter  dishes,  cultured  to  confluence  (approximately 
48-72h)  and  total  RNA  was  isolated  as  previously  de- 
scribed.^^^  Briefly,  20  pg  of  total  RNA,  as  determined  by 
absorption  at  260  nm,  was  subjected  to  electrophoresis  on  a 
1%  agarose-formaldehyde  gel.  The  gel  was  capillary -blotted 
with  0.1  M  sodium  phosphate  onto  membranes  (Gene 
Screen  Hybridization  Transfer  Membrane,  Du  Pont  New 
Research  Products,  Boston,  MA,  USA)  and  prehybridized 
for  15  minutes  at  55°C  in  1%  bovine  serum  albumin  (BSA), 
0.35  M  sodium  phosphate,  7%  sodium  dodecyl  sulfate 
(SDS),  and  30%  (vol/vol)  deionized  formamide  and  then 
hybridized  overnight  in  the  same  solution  with  [a-^“P]deoxy- 
cytosine  triphosphate  probes  for  the 

entire  1.3-kilobase  (kb)  coding  region  of  Cx43  complemen¬ 
tary  DNA  (cDNA),  the  entire  1.2-kb  coding  region  of  Cx45 
cDNA,  a  0.52-kb  £coRI  fragment  of  rat  osteocalcin  cDNA, 
and  18S  ribosomal  RNA  (rRNA).^^"*°^  The  blots  were 
washed  once  in  150  mM  sodium  phosphate  and  0.  i  %  SDS  at 
room  temperature  and  two  more  times  at  55 °C.  For  photo¬ 
graphic  representation,  the  membranes  were  exposed  to 
Kodak  X-OMAT  AR  film  for  various  time  periods. 

Detection  of  Cx43  protein 

Cells  were  plated  at  2  X  10^  cells/cm"  in  lOO-mm- 
diameter  culture  dishes,  grown  to  confluence  (approximately 
48-72  h)  and  the  crude  membrane  protein  fraction  was 
isolated  from  cells  and  subjected  to  Western  blot  analysis  as 
previously  described.^^^  Before  electrophoresis,  protein  con¬ 
centration  was  quantified  by  the  method  of  Bradford.* 
Equivalent  amounts  of  protein  (10  pg)  from  each  cell  type 
were  loaded  onto  12%  SDS-polyacrylamide  gels,  resolved 
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by  electrophoresis  and  transferred  to  nitrocellulose  mem¬ 
branes  that  were  blocked  by  Blotto  (10%  nonfat  milk,  10 
mM  Tris-HCl  8.0,  150  mM  NaCl,  and  0.05%  Tween-20)  at 
pH  8.0.  The  membranes  then  were  incubated  for  3  h  at  room 
temperature  with  antibodies  directed  against  amino  acids 
252-270  of  Cx43  diluted  1:1000  in  Blotto.  The  membranes 
were  washed  three  times  and  incubated  for  I  h  with  goat 
anti-mouse  immunoglobulin  G  (IgG)  linked  to  horseradish 
peroxidase  (Jackson  ImmunoResearch  Laboratories.  Inc., 
Avondale.  PA,  U.S.A.)  diluted  1:5000.  After  three  additional 
washes  with  phosphate  buffered  saline  (PBS)  the  mem¬ 
branes  were  soaked  in  enhanced  chemiluminescence  (ECL) 
detection  reagents  (Amersham  Corp.,  Amersham.  U.K.). 
The  sheet  then  was  air-dried  and  exposed  to  X-ray  film. 

Quantification  of  alkaline  phosphatase  activity 

MLO-Y4  and  MC3T3-EI  cells  were  plated  at  4  X  10"^ 
cells/cm-  in  24- well  plates  and  cultured  12  days  in  a-MEM 
media  with  10%?  charcoal  stripped  FBS,  lO"*^  M 
I,25(0H):D3,  50  /xg/ml  ascorbic  acid,  and  10"8  M  menadi¬ 
one.  On  day  3,  6,  9,  and  12  media  was  removed  and  cellular 
alkaline  phosphatase  activity  was  determined  by  the  conver¬ 
sion  of  /7-nitrophenyl  phosphate  to  p-nitrophenol  as  previ¬ 
ously  described.^'-^  Briefly,  cells  were  washed  twice  with 
PBS  and  incubated  for  30  minutes  in  0.5  ml  of  0.75  M 
2-aminO“2-methyl-l -propanol.  pH  10.3.  containing  2  mg/ml 
/7-nitrophenol  phosphate  substrate.  The  reaction  solution 
was  mixed  with  an  equal  volume  of  50  mM  NaOH  and  then 
diluted  1:40  with  20  mM  NaOH.  Absorption  was  measured 
at  410  nm  and  conversion  to  enzyme  activity  was  made 
using  a  /?-nitrophenol  standard  absorption  curve.  Data  were 
normalized  to  protein  levels  as  determined  by  the  Bradford 
method.*’*^  Enzyme  activity  was  described  in  terms  of 
Sigma  units  per  milligram  protein,  where  I  U  will  hydrolyze 
1.0  jaM  of  /7-nitrophenyl  phosphate  per  minute  at  pH  10.4 
and  37°C. 

Immiino  staining 

MLO-Y4  cells  were  cultured  on  chamber  slides  (Nunc) 
until  confluent  (approximately  48-72  h).  Cells  were  washed 
twice  with  0.1  M  PBS,  fixed  with  4%  paraformaldehyde  in 
0.3%?  Triton  X-lOO  for  15  minutes  at  room  temperature  and 
then  washed  twice  with  PBS.  Then  cells  were  incubated 
overnight  at  4°C  with  a  1:150  dilution  of  antibody  directed 
to  amino  acids  252-270  of  Cx43.  The  cells  then  were 
washed  three  times  more  with  PBS  and  incubated  at  room 
temperature  for  45  minutes  with  a  1:200  dilution  of  rhoda- 
mine  goat  anti-mouse  IgG  in  1%  BSA.  Cells  were  again 
washed  three  times  with  PBS  and  mounted  with  FluorSave 
(Calbiochem  Corp.,  La  Jolla,  CA,  U.S.A.).  PBS  without 
antibody  was  used  as  a  negative  control.  Fluorescent  micro¬ 
graphs  were  obtained  using  a  Nikon  epifluorescence  micro¬ 
scope. 

Lucifer  yellow  dye  transfer 

Intercellular  transfer  of  lucifer  yellow,  a  fiuore.scent  dye 
that  can  pass  easily  through  gap  junctions,  was  used  to 


assess  gap  junctional  coupling  in  MLO-Y4  cells.^“  ‘^^ 
MLO-Y4  cells  grown  to  confluence  (approximately  48-72 
h)  on  collagen-coated  coverslips,  were  washed  with  a-MEM 
without  FBS  at  37°C  and  transferred  to  an  inverted  fluores¬ 
cence  microscope.  Individual  cells  were  impaled  with  glass 
micropipettes  that  had  been  backfilled  with  10%:  lucifer 
yellow  dye  dissolved  in  I  M  LiCL  solution.  Cells  were 
impaled  for  2  minutes,  the  pipette  was  removed,  and  the 
number  of  neighboring  cells  to  which  the  dye  had  spread 
were  counted  after  an  additional  3  minutes.  The  dye  was 
excited  at  450-490  nm  and  emitted  light  was  visualized  at 
515  nm.  1 8a-Glycyrrhetinic  acid  (GA),  which  blocks  gap 
junctional  communication,  was  used  to  assess  the  role  of 
GJIC  in  dye  transfer.  MLO-Y4  cells  were  incubated  in  30 
jiM  GAfor  10  minutes  at  37°C  before  injection.  GAalso  was 
present  in  the  media  during  dye  injection. 

Calcein  dye  transfer 

Gap  junctional  coupling  between  MC3T3-E 1  and  MLO- Y4 
cells  was  assessed  by  a  double  fluorescent  labeling  tech¬ 
nique. Cells  were  labeled  simultaneously  with  10  jiM 
calcein  acetoxymethyl  ester  and  10  |iM  l,l'-dioctadecyl- 
3,3,3',3'-tetramethylindocarbocyanine  perchlorate  (Dil) 
(Molecular  Probes,  Inc.,  Eugene,  OR,  U.S.A.).  Although 
calcein  is  able  to  permeate  gap  junctions,  Dil  is  membrane 
bound.  Labeled  cells  were  then  trypsinized,  centrifuged  at 
200g  for  5  minutes,  resuspended  in  the  appropriate  growth 
medium,  and  counted.  Labeled  cells  were  then  dropped 
(parachuted)  onto  confluent  plates  of  unlabeled  cells  at  a 
ratio  of  1 :500  labeled-to-unlabeled  cells.  After  gap  junctions 
are  established  between  cells  in  the  monolayer  and  the 
labeled  parachuted  cells,  calcein  transfers  through  these 
channels  from  labeled-to-unlabeled  cells,  which  then  fluo¬ 
resce  green.  Dil,  which  fluoresces  red  and  does  not  transfer 
from  cell  to  cell,  thus  can  be  used  to  visualize  the  original 
labeled  cell.  Forty-five  minutes  after  parachuting,  cells  were 
visualized  using  both  fluorescein  (excitation,  450-490  nm; 
emission,  520)  and  rhodamine  (excitation,  546/10;  emission, 
590)  filters  to  locate  calcein  and  Dil-loaded  cells.  The 
number  of  neighboring  cells  that  calcein  had  transferred  to 
from  one  double  labeled  cell  was  counted.  In  some  experi¬ 
ments  GA  was  used  to  assess  the  role  of  gap  junctions  in 
calcein  transfer.  Unlabeled  cells  were  treated  with  75  |iM 
GA  in  complete  media  for  10  minutes  before  addition  of 
labeled  cells.  We  used  75  pM,  because  in  the  presence  of 
serum  it  is  necessary  to  increase  the  concentration  of  GA  to 
achieve  similar  levels  of  inhibition  of  cell-to-cell  communi- 
cation.O^^  As  a  vehicle  control  for  GA,  in  some  experiments, 
unlabeled  cells  were  treated  with  0.17%  dimethylsulfoxide 
(DMSO). 

Calcium  signal  propagation 

Confluent  MLO-Y4  cells  were  labeled  with  Dil.  trypsin¬ 
ized,  centrifuged  at  200g  for  5  minutes,  resuspended  in  the 
appropriate  growth  medium,  and  mixed  with  MC3T3-E1 
cells  at  a  concentration  of  1:500.  MLO-Y4  to  MC3T3-EL 
Cells  were  then  plated  onto  collagen-coated  glass  coverslips 
at  a  sufficient  concentration  to  form  a  confluent  monolayer 
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and  maintained  overnight  in  a  humidified  95%  air  5%  CO: 
atmosphere  at  37°C.  Ceils  were  washed  with  Tyrodes 
solution  at  37°C,  which  contained  (in  mM)  140  NaCI,  4  KCl, 
1  MgCl:,  2  CaCh,  5  yV-2-hydroxyethylpiperazine'//'-2- 
ethanesulphonic  acid,  and  10  glucose,  and  titrated  to  a  final 
pH  of  7.4  with  4  mM  NaOH.  Cells  were  then  incubated  with 
1  pM  fura-2-acetoxymethyl  ester  (Molecular  Probes,  Inc., 
Eugene,  OR,  U.S.A.)  solution  for  30  minutes  at  37°C.  The 
cells  were  washed  again  with  fresh  Tyrodes  solution  at  37°C, 
and  the  slide  was  transferred  to  an  epifluorescence  micro¬ 
scope.  Individual  MLO-Y4  cells  were  located  using  a 
rhodamine  filter  as  described  above.  Membranes  of  single 
MLO-Y4  cells  were  deformed  by  gently  pressing  a  glass 
patch  pipette  fashioned  from  unfilamented  boros ilicate  glass 
(Coming  7052,  A.M,  Systems)  against  the  cell  membrane. 
Calcium  responses  in  the  deformed  cell  and  its  neighbors 
were  detected  as  previously  described.^ Briefly,  a  Meta- 
fluor  imaging  system  (Universal  Imaging,  West  Chester,  PA, 
U.S.A.)  was  used  to  sample  and  record  the  emitted  light 
from  the  cells  in  the  field  of  view  once  every  2.5  s,  and 
Metafluor  imaging  software  was  used  to  subtract  the  back¬ 
ground  fluorescence  from  each  image  and  to  outline  and 
calculate  the  340:380  ratio  for  each  cell  in  the  field  of  view, 
which  directly  reflects  [Ca-'^]i.  A  calibration  curve  was 
constructed  by  acquiring  340:380  values  (background  sub¬ 
tracted)  for  a  series  of  solutions  of  known  free  Ca^"^ 
concentration  (0-39.8  jiiM,  Molecular  Probes,  Inc.,  Eugene, 
OR,  U.S.A.)  and  1  pM  Fura-2  pentapotassium  salt  (Molecu¬ 
lar  Probes,  Inc.,  Eugene,  OR.  U.S.A.).  This  calibration  curve 
was  used  to  convert  ratio  values  from  individual  cells  into 
[Ca“‘^]i.  To  identify  Ca-"^  oscillations,  we  used  an  adapted 
numerical  procedure  from  mechanical  analysis,  known  as 
rainflow  cycle  counting,  previously  used  successfully  to 
identify  oscillations  in  [Ca-^)i  in  bone  cells.‘^^^  This  tech¬ 
nique  identifies  complete  cycles  or  oscillations  in  the  time 
history  data  even  when  they  are  superimposed  on  each  other 
and  therefore  can  be  used  to  distinguish  and  quantify  [Ca-’^Ji 
responses  from  background  signal  noise.  We  defined  a 
response  as  an  oscillation  in  [Ca-'^li  of  10  nM  or  greater. 


FIG.  1.  Phase  contrast  photomicrograph  of  osteocytic 
MLO-Y4  cells.  Note  stellate  morphology  with  extensive 
dendritic-like  processes.  Magnification  was  X20. 
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FIG.  2.  Northern  blot  analysis  of  osteocalcin  (OC)  mRNA 
and  18S  rRNA  in  osteocytic  MLO-Y4  (MLO)  and  osteoblas¬ 
tic  cells,  ROS  17/2.8  (ROS),  MC3T3-E1  (MC)  and  UMR106 
(UMR).  Twenty  micrograms  of  total  RNA  was  subjected  to 
Northern  blot  analysis  using  either  a  520  base  pair  (bp)  rat 
osteocalcin  radiolabeled  probe  or  an  18S  rRNA  radiolabeled 
probe.  Three  separate  experiments  resulted  in  similar  results. 


Data  analysis 

Data  are  expressed  as  mean  ±  SEM.  To  compare  observa¬ 
tions  from  different  groups  with  unequal  sample  size,  a 
two-sample  Students  t  est  was  used  in  which  sample 
variance  was  not  assumed  to  be  equal.  To  compare  observa¬ 
tions  from  more  than  two  groups,  a  one-way  analysis  of 
variance  was  used  followed  by  a  Student-Newman-Keuls 
multiple  comparisons  post  hoc  test  (Instat,  GraphPad  Soft¬ 
ware,  Inc.),  The  value  of  p  <  0.05  was  considered  statisti¬ 
cally  significant. 


RESULTS 

Characterization  of  the  osteocvtic  phenotype 
ofMLO-Y4  cells 

Phenotypic  characteristics  of  osteocytic  MLO-Y4  cells, 
reported  in  the  original  publication  describing  the  establish¬ 
ment  of  this  cell  line,  include  a  stellate  morphology, 
decreased  alkaline  phosphatase  activity  and  increased  osteo¬ 


calcin  relative  to  osteoblastic  cell  lines.‘^^  In  our  hands 
MLO-Y4  cells  also  display  a  morphology  similar  to  that 
described.^^^  As  shown  in  Fig.  I,  a  majority  of  MLO-Y4  cells 
exhibit  a  stellate  morphology  with  several  dendritic -like 
processes  extending  from  the  cell  body.  These  cells  also 
display  osteocalcin  messenger  RNA  (mRNA)  to  a  greater 
degree  than  osteoblastic  MC3T3-E1  and  UMR  106  cells  but 
somewhat  less  than  ROS  17/2.8  cells  (Fig.  2).  However, 
alkaline  phosphatase  activity  was  decreased  in  MLO-Y4 
relative  to  MC3T3-E1  (Fig.  3).  Alkaline  phosphatase  activ¬ 
ity  increased  with  time  in  culture  in  MC3T3-EI  in  the 
presence  of  l,25(OH)2D3,  such  that  activity  levels  on  day  12 
were  over  30-fold  greater  than  on  day  3.  However,  there  was 
no  significant  increase  in  alkaline  phosphatase  activity  in 
MLO-Y4  and  by  day  12  the  activity  in  MLO-Y4  was  less 
than  5%  that  of  MC3T3-E1 . 

Cx43  expression  in  osteocyte-like  MLO-Y4  cells 

Northern  and  Western  blot  analysis  for  Cx43  mRNA  and 
protein,  respectively,  were  performed  on  MLO-Y4  cells  and 
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FIG.  3.  Alkaline  phosphatase  activity  in  osteocytic 
MLO-Y4  cells  and  osteoblastic  MC3T3-EI  cells.  Cells  were 
cultured  for  12  days  as  described  in  text.  Although  alkaline 
phosphatase  activity  increased  dramatically  with  time  in 
culture  in  MC3T3-E1  cells  (dashed  line),  it  remained  at 
relatively  low  levels  throughout  the  culture  period  in 
MLO-Y4  cells  (solid  line).  *Significantly  different  from 
MLO-Y4  cells,  p  <  0.05,  n  =  A. 
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FIG.  4.  Northern  blot  analysis  of  Cx43  mRNA  and 
l8S/rRNA  expression  in  osteocytic  MLO-Y4  (MLO)  and 
osteoblastic  cells  ROS  17/2.8  (ROS),  MC3T3-EI  (MC),  and 
UMR106  (UMR).  Twenty  micrograms  of  total  RNA  was 
subjected  to  Northern  blot  analysis  using  either  an  890-bp 
rat  Cx43  cDNA  radiolabeled  probe  or  an  18S  cDNA 
radiolabeled  probe.  Three  separate  experiments  resulted  in 
similar  results. 


osteoblastic  ROS  17/2.8,  MC3T3-E1,  and  UMR  106  cells 
(Figs.  4  and  5).  MLO-Y4  cells  expressed  a  greater  abun¬ 
dance  of  Cx43  mRNA  and  protein  relative  to  either 
MC3T3-E1  or  UMR  106  cells.  However,  Cx43  abundance 
was  similar  to  that  of  ROS  17/2.8.  Indirect  immunostaining 
of  MLO-Y4'  cells  revealed  diffuse  distribution  of  Cx43 
immunoreactivity  at  the  interface  of  adjoining  cells  and 
diffuse  staining  throughout  the  cytoplasm  (Fig.  6).  MLO-Y4 
cells  did  not  express  appreciable  Cx45  (data  not  shown). 


Gap  junctional  coupling  in  osteocytic  MLO-Y4  cells 

Lucifer  yellow  dye  transfer  was  used  to  assess  the  degree 
of  functional  gap  junctional  coupling  between  osteocytic 
cells  (Fig.  7).  After  5  minutes,  lucifer  yellow  dye  spread 
from  the^injected  cell  to  7.4  ±  0.9  of  its  neighbors.  GA,  the 
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IMLO  ROS  MC  UMR 

FIG.  \\estern  blot  analysis  of  Cx43  protein  in  osteo¬ 
cytic  Ml  v^-Y4  (MLO)  and  osteoblastic  cells  ROS  17/2.8 
(ROS),  NU\;t3-E1  (MC),  and  UMR  106  (UMR).  Equivalent 
amounts  o;  total  cell  extract  enriched  for  membrane  proteins 
were  sepst^^ted  by  SDS-polyacrylamide  gel  electrophoresis, 
transtenw';  to  nitrocellulose,  and  analyzed  using  a  poly¬ 
clonal  au'o.^ody  to  rat  Cx43.  Three  separate  experiments 
resulted  u\  similar  results. 


FIG.  6,  Thotomicrograph  of  Cx43  immunoreactivity  in 
osteocytK  MLO-Y4  cells.  Cells  plated  at  50.000  cells/cm" 
and  grow  n  (or  48  h  were  fixed,  permeabilized.  and  incubated 
with  a  pi'lyclonal  antibody  to  rat  Cx43.  A  fluorescein 
conjugaii',i  secondary  antibody  was  used  for  visualization 
under  a  bioj^iband  ultraviolet  light.  These  experiments  were 
perfonikM  l  our  times. 


gap  junciinnal  uncoupler,  was  applied  at  a  concentration  of 
30  pM,  w  decreased  the  number  of  dye-loaded  neighbor¬ 

ing  cells  In  0.7  ±0.1. 


Gap  Ju/it  lifjfial  coupling  between  osteocytic  (MLO-Y4) 
and  ostcuhlastic  (MCSTJ^-EI)  cells 

Both  fV!I,0-Y4  and  MC3T3-EI  were  able  to  form  func¬ 
tional  gap  lunctions.  as  determined  by  calcein  dye  transfer, 
within  4.*^  minutes  of  cell  parachuting  (Fig.  8).  MC3T3-E1 
cells  t!'aiif;|‘cp|.ed  calcein  to  an  average  of  33.8  ±  2.0 
MLO-Y4  I  ells,  whereas  MLO-Y4  cells  transferred  dye  to  an 
average  ni  0.5  ±  0.4  MC3T3-E1  ceils  (Fig.  9).  Forty-five 
percent  ()|  MLO-Y4  cells  and  21%  of  MC3T3-EI  cells  were 
rounded,  imiuously  attached  to  the  underlying  monolayer, 
and  utiahii-  (0  form  gap  junctions.  Seventy-five  micromoiar 
GA  bl()tiT(i  all  calcein  dye  transfer  from  MLO-Y4  to 
MC3T^  1,1  ^ells  in  monolayer  (n  ~  43).  while  reducing 
calcein  .pM‘ad  from  MC3T3-EI  cells  to  MLO-Y4  to  only 
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FIG.  7.  Gap  junctional  coupling  in  osteocytic  cells.  Func¬ 
tional  coupling  was  assessed  in  MLO-Y4  cells  by  lucifer 
yellow  dye  injection.  Each  bar  represents  the  mean  ±  SEM 
number  of  adjacent  cells  that  take  up  dye  within  5  minutes  in 
the  presence  or  absence  of  GA.  Thirty-one  injections  were 
performed  under  control  conditions  and  26  in  the  present  of 
30  fiM  GA.  *Represents  a  statistically  significant  difference 
from  control,  p  <  0.05. 


5.3  ±  0.6  cells  (Fig.  9).  The  0.16%  DMSO,  added  as  a 
vehicle  control  for  GA,  had  no  effect  on  calcein  dye  transfer. 
In  the  presence  of  DMSO,  MLO-Y4  cells  transferred  dye  to 
6.75  ±  0.6  MC3T3-E1  cells  and  MC3T3-E1  cells  trans¬ 
ferred  dye  to  32.96  ±  2.4  MLO-Y4  cells  (Fig.  9). 

Calcium  signal  propagation 

Mechanical  deformation  of  a  single  osteocytic  MLO-Y4 
cell  induced  a  transient  increase  in  internal  [Ca-"^]],  which 
was  propagated  rapidly  to  4.6  ±  0.5  neighboring  MC3T3-E1 
cells  (Fig.  10).  In  the  presence  of  30  jaM  GA,  a  Ca^^ 
response  was  observed  in  only  0.5  ±  0.5  neighboring 
MC3T3-E1  cells.  Deformation  of  MLO-Y4  cells  induced  a 
mean  Ca-*^  response  amplitude  of  0.077  jiiM  ±  0.012  foM, 
which  was  not  significantly  different  in  the  presence  of  GA, 
0.048  jjM  ±  0.0 1 1  fiM.  The  mean  Caf***  response  amplitude 
in  neighboring  MC3T3  cells  was  0.033  pM  ±  0.04  pM. 


DISCUSSION 

The  existence  of  gap  junctions  between  osteocytic  pro¬ 
cesses  in  bone  canaliculi  has  been  confirmed  with  a  number 
of  techniques.  Shapiro  provided  transmission  electron  micro¬ 
graphs,  which  showed  clearly  the  complexity  and  extent  of 
gap  junctions  between  osteocytic  processes  in  intact  rat  and 
mouse  long  bone.^^^^  Cx43,  a  specific  gap  junction  protein 
first  identified  in  the  heart,  which  is  the  most  predominant 
connexin  found  in  osteoblastic  cells,  was  visualized  at 
osteocytic  gap  junctions  by  immunolabeling  in  intact  rat 
calvarial  bone.^^^'-^'-^’  Subsequently,  the  reverse  transcrip¬ 
tase  polymerization  chain  reaction  has  been  used  to  show 
Cx43  mRNA  expression  in  osteocytes  from  rat  cortical  bone 
in  vivo  and  in  situ  hybridization  and  immunohistochemistry 
has  identified  Cx43  mRNA  and  protein,  respectively,  in 
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osteocytes  within  rat  mandibular  bone.^-2.23)  However  be¬ 
cause  of  their  position  deep  within  the  mineralized  bone 
matrix,  it  has  been  difficult  to  study  the  functionality  of 
gap  junctions  between  osteocytes.  This  has  been  partially 
overcome  by  the  establishment  of  an  osteocytic  cell  line 
MLO-Y4.<’^ 

In  our  hands,  MLO-Y4  express  phenotypic  characteristics 
of  osteocytic  cells* including  a  stellate  morphology,  low 
alkaline  phosphate  activity,  and  increased  osteocalcin  and 
Cx43  mRNA.  It  should  be  noted  that  although  steady  state 
osteocalcin  mRNA  levels  were  greater  in  osteocytic  MLO-Y4 
than  osteoblastic  MC3T3-EI  and  UMR106,  they  were  lower 
than  in  osteoblastic  ROS  17/2.8  cells.  Kato  et  al.  did  not 
examine  osteocalcin  synthesis  in  MLO-Y4  relative  to  ROS 
17/2.8  so  it  is  not  possible  to  state  whether  our  results  are 
consistent  with  their  results  in  this  regard.  However,  where 
comparisons  are  possible,  our  data  are  very  similar  to  Kato 
et  al.,  suggesting  that  the  osteocytic  phenotype  of  MLO-Y4 
is  quite  stable. 

Although  other  studies  have  shown  that  osteocytic  cells 
express  abundant  Cx43,  they  have  not  examined  gap  junc¬ 
tion  function.  It  is  critical  that  this  be  shown  if  one  wishes  to 
examine  the  role  of  gap  junctional  coupling  in  osteocytic 
function.  Using  the  recently  established  osteocytic  cell  line 
MLO-Y4,  this  study  provides  the  first  functional  data 
regarding  gap  junctions  between  osteocytic  cells.  Using 
lucifer  yellow  dye  transfer  we  showed  that  MLO-Y4  cells 
are  well  coupled  to  one  another  via  gap  junctions.  We  also 
found  that  MLO-Y4  expresses  large  quantities  of  Cx43 
protein  and  mRNA.  Our  immunostaining  suggests  that 
although  osteocytes  synthesize  abundant  Cx43  protein,  a 
large  proportion  of  this  is  localized  in  the  cytoplasm. 
Another  key  question  is  whether  osteocytes  are  functionally 
coupled  to  osteoblasts. 

Again,  because  of  their  position  within  the  mineralized 
matrix,  there  has  been  no  functional  data  regarding  the 
ability  of  osteocytes  to  communicate  with  osteoblasts  via 
gap  junctions.  Doty  first  visualized  gap  junctions  between 
osteocytes  and  osteoblasts,  and  more  recently,  Shapiro  has 
described  the  variation  in  form  and  extent  of  these  junc¬ 
tions.*  Cx43  also  has  been  shown  to  localize  at  junctions 
between  osteocytes  and  osteoblasts  by  immunolabeling.*-^^ 
Using  a  double  dye-labeling  parachute  technique  we  have 
been  able  to  show  that  osteoblastic  and  osteocytic  cells  also 
are  functionally  coupled. 

Our  data  suggest  that  within  45  minutes,  osteocytic  and 
osteoblastic  cells  were  able  to  form  functional  gap  junctional 
channels  as  assessed  by  calcein  dye  transfer.  Dye  transferred 
to  fewer  osteoblastic  MC3T3-E1  cells  from  osteocytic 
MLO-Y4  cells  than  vice  versa,  which  may  reflect  poor 
coupling  between  MC3T3-E1  cells.  This  is  because  once 
gap  junctions  have  been  established  and  dye  transferred 
between  the  parachuted  cell  and  the  cells  on  which  it  lands, 
the  degree  of  subsequent  dye  spread  is  dependent  on  the 
coupling  between  cells  in  the  monolayer.  The  reason  for 
poor  coupling  between  MC3T3-EI  cells  might  possibly  be 
the  result  of  the  fact  that  these  cells  were  not  fully 
differentiated.  Recently,  we  have  shown,  using  human  fetal 
osteoblastic  cells  (hFOB),  that  cell-to-cell  communication  is 
highly  dependent  on  cell  differentiation  state.'--^>  However, 
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FIG,  8.  Gap  junctional  communication  between  osteocytic  (MLO-Y4)  cells  and  osteoblastic  (MC3T3-E1)  cells.  Calcein- 
and  DiMabeled  MC3T3-E1  cells  were  parachuted  onto  an  80-100%  confluent  layer  of  MLO-Y4  cells  in  the  (A)  absence  or 

(C)  presence  of  75  |uM  GA.  MLO-Y4  cells  also  were  labeled  and  parachuted  onto  MC3T3-E1  cells  in  the  (B)  absence  and 

(D)  presence  of  GA.  Photomicrographs  of  the  cells  were  double-exposed  with  fluorescein  and  rhodamine  filter  sets. 
Double-labeled  cells  appear  yellow/white;  those  cells  that  received  calcein  alone  via  gap  junctional  diffusion  appear  green. 
Each  experiment  was  performed  on  at  least  27  cells. 


despite  the  low  abundance  of  Cx43  mRNA  and  protein  in 
MC3T3-E1  cells  we  still  saw  significant  osteocyte-osteo- 
blast  coupling.  Interestingly,  the  number  of  MLO-Y4  cells 
coupled,  as  assessed  by  lucifer  yellow  dye  transfer,  was 
significantly  less  than  the  number  coupled  using  calcein  as  a 
dye  tracer.  Other  studies  have  shown  that  lucifer  yellow  can 
fail  to  transfer  between  cells  that  are  shown  to  be  coupled  by 
other  tracers,  such  as  biocytin  and  carboxyfluorescein.^^^^  It 
has  been  suggested  that  sulfate-containing  compounds  such 
as  lucifer  yellow  may  interfere  with  dye  coupling  in  some 
cell  types,  by  direct  or  indirect  modulation  of  gap  junctional 
channels.^-^^  This  may  explain  why  in  some  cell  types 
coupling  as  assessed  by  lucifer  yellow  dye  transfer  was  less 
than  that  assessed  by  calcein  transfer  and  furthermore  it 
suggests  that  calcein,  which  does  not  contain  sulfate  groups, 
may  be  a  superior  tracer  for  analysis  of  gap  junctional 
coupling. 

The  parachute  technique  has  been  used  by  Ziambaras  et 
al.  who  used  it  to  assess  the  effect  of  cyclic  stretch  on  gap 
junctional  communication  between  osteoblastic  cells.^“^^ 
However,  in  these  experiments  the  cells  were  loaded  with 
calcein  only  and  “donor”  cells  were  identified  as  those  cells 
that  were  brightest  and  were  in  an  elevated  focal  plane  to  the 
“acceptor”  cells.  In  our  experiments  we  further  refined  this 
method  by  colabeling  cells  with  Dil,  as  described  by 
Goldberg  et  Dil,  which  fluoresces  red  and  does  not 
transfer  from  cell  to  cell,  allowed  us  to  identify  easily  the 
original  dye-loaded  cells. 

The  existence  of  gap  junctions  between  adjacent  osteo¬ 
cytic  cells,  adjacent  osteoblastic  cells,  and  between  osteo- 
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FIG.  9.  Quantification  of  gap  junctional  coupling  between 
osteocytic  and  osteoblastic  cells.  Functional  coupling  was 
assessed  between  MLO-Y4  (MLO)  and  MC3T3-E1  (MC) 
cells  by  calcein  dye  transfer  from  a  parachuted,  labeled  cell. 
Each  bar  represents  the  mean  ±  SEM  number  of  adjacent 
cells  that  take  up  dye  within  5  minutes  in  the  presence  or 
absence  of  75  pM  GA.  Experiments  also  were  performed  in 
the  presence  of  DMSO  as  a  vehicle  control  for  GA. 
MC3T3-E1  cells  were  parachuted  onto  MLO-Y4  cells  under 
normal  conditions  (MC-MLO,  n  =  27)  and  in  the  presence 
of  GA  (MC-MLO  GA,  n  =  36)  or  DMSO  (MC-MLO 
DMSO,  n  =  25).  MLO-Y4  cells  were  parachuted  onto 
MC3T3-EI  cells  under  normal  conditions  (MLO-MC,  n  — 
69)  and  in  the  presence  of  DMSO  (MLO-MC  DMSO,  n  == 
24).  GA  blocked  all  dye  transfer  and  is  therefore  not  graphed 
{n  =  43).  *Represents  a  statistically  significant  difference 
from  MC-MLO, /7<  0.05. 
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FIG.  10.  Calcium  signal  propagation  between  bone  ceils. 
(A)  Deformation  of  a  single  MLO-Y4  cell  (arrow)  elicits  an 
intracellular  calcium  transient,  which  is  propagated  to 
neighboring  MC3T3-E1  cells.  (B)  The  presence  of  30  pM 
GA  in  the  media  inhibits  calcium  signal  propagation  to 
neighboring  MC3T3-E1  cells.  (C)  Mean  number  of  neighbor¬ 
ing  MC3T3-E1  cells  showing  a  Cai-"^  transient  elicited  in 
response  to  deformation  of  a  single  MLO-Y4  cell  in  the 
presence  {n  =  4)  and  absence  {n  —  9)  of  30  pM  GA.  Each 
bar  represents  the  mean  ±  SEM.  ^Represents  a  statistically 
significant  difference  from  control,  p  <  0.05. 


cortical  areas.  It  is  also  possible  that  signals  induced  by 
locally  secreted  stimulatory  factors,  such  as  cytokines  and 
prostaglandins,  will  be  propagated  through  the  network.  In 
addition,  it  has  been  recognized  for  some  time  that  osteo- 
cytes  are  situated  ideally  within  the  bone  matrix  to  detect 
and  respond  to  mechanical  signals.^-^^  Indeed,  it  has  been 
shown  that  mechanical  loading  does  stimulate  an  early 
response  in  osteocytes.^-^^  Therefore,  it  is  possible,  that  this 
osteocytic  network  will  provide  the  necessary  mechanism 
by  which  mechanical  information  is  relayed  through  the 
matrix  to  osteoblastic  cells  on  the  surface  that  are  more 
intimately  involved  in  the  early  stages  of  the  bone  remodel¬ 
ing  cycle.  This  notion  is  supported  by  our  results  showing 
that  osteocytic  cells  in  vitro  could  communicate  mechanical 
signals  to  osteoblasts  via  changes  in  intracellular  calcium. 
Although  mechanical  loading  does  cause  strain  in  the 
matrix,  there  is  increasing  evidence  to  suggest  that  the  cells 
might  actually  be  responding  to  mechanically  induced  fluid 
flow  through  the  canaliculi.^-^-^®^  Because  fluid  flow  would 
promote  chemotransport  of  nutrients  to  and  from  the  cell,  as 
well  as  directly  deforming  the  cell  membrane,  it  will  be 
important  to  assess  the  ability  of  osteocytes  to  transduce  and 
communicate  not  only  mechanical  signals,  but  also  chemical 
signals. 

An  important  consideration  in  interpreting  these  results  is 
that  the  cells  are  outside  of  their  natural  three-dimensional 
environment,  which  may  affect  cell-to-celi  communication. 
Considering  these  issues,  our  data  do  not  prove  that  osteo¬ 
blasts  and  osteocytes  functionally  communicate  in  vivo; 
however,  it  shows  that  they  have  the  potential  to  do  so. 

In  summary  we  have  shown  that  osteocytic  cells  in  vitro 
express  functional  gap  junctions  most  likely  composed  of 
Cx43.  Furthermore,  osteocytic  cells  and  osteoblastic  cells 
are  functionally  coupled  to  one  another  via  gap  Junctions  as 
shown  by  the  ability  of  calcein  dye  to  pass  between  cells. 
These  data  support  the  possibility  that  a  functional  network 
of  interconnecting  cells  exists  in  vivo,  which  may  provide 
bone  with  a  powerful  regulatory  mechanism,  whereby 
signals  could  be  integrated  and  amplified,  and  cells  could 
respond  in  a  coordinated  manner  to  extracellular  signals. 
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cytic  and  osteoblastic  cells  suggests  that  within  bone  there  is 
an  extensive  and  functional  interconnected  network  of  cells. 
As  such,  this  network  would  provide  an  ideal  signal 
integration  and  amplification  mechanism  in  bone.  It  is 
possible  that  gap  Junctions  will  facilitate  the  transmission  of 
extracellular  signals,  such  as  hormones,  from  cells  adjacent 
to  blood  vessels  to  those  buried  deeper  in  less  vascular 
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Mechanisms  Contributing  to  Fluid-Flow- 
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We  previously  showed  that  fluid  flow,  which  chondrocytes  experience  in  vivo 
and  which  results  in  a  variety  of  morphological  and  metabolic  changes  in 
cultured  articular  chondrocytes,  can  also  stimulate  a  rise  in  intracellular  calcium 
concentration  ([Ca^ ■*■];).  However,  the  mechanism  by  which  Ca^'^.is  mobilized  in 
response  to  flow  is  unclear.  In  this  study,  we  investigated  the  roles  of  intracellular 
Ca**'^  stores,  G-proteins,  and  extracellular  ATP  in  the  flow-induced  Ca^^  response 
in  bovine  articular  chondrocytes  (BAG).  Cells  loaded  with  the  Ca^"^  sensitive  dye 
Fura-2  were  exposed  to  steady  flow  at  34  ml/min  (37  dynes/cm“)  in  a  parallel 
plate  flow  chamber.  Whereas  ryanodine  and  caffeine  had  no  effect,  both  neo¬ 
mycin  and  thapsigargin  significantly  decreased  the  Ca^'^j  response  to  flow,  sug¬ 
gesting  a  role  for  Ca^"^  store  release,  possibly  through  an  inositol  l,4,5-tri5phos- 
phate  (!p3)-dependent  mechanism.  Twenty-four-hour  treatment  with  pertussis 
toxin  also  significantly  decreased  the  response,  suggesting  that  the  mechanism 
may  be  G-protein  regulated.  In  addition,  ATP  release  by  chondrocytes  does  not 
appear  to  mediate  the  flow-induced  Ca^"^  response  because  suramin,  a  P2 
purinergic  blocker,  had  no  effect.  These  results  suggest  that  BAG  respond  rapidly 
to  changes  in  their  mechanical  environment,  such  as  increased  fluid  flow,  by  a 
mechanism  that  involves  IP3  stimulated  Ca“'^i  release  and  G-protein 
activation.  ).  Cell.  Physiol.  1 80:402-408,  1 999.  ©  1999  wiley-liss,  inc. 


Mechanical  loading  resulting  from  normal  joint  mo¬ 
tion  has  a  profound  influence  on  cartilage  matrix.  For 
instance,  changes  in  mechanical  loading  that  occur  in 
vivo  as  a  result  of  limb  immobilization  or  exercise  re¬ 
sult  in  changes  in  the  composition  of  the  cartilage  ma¬ 
trix  and  thus  alter  its  biomechanical  properties  (Cater- 
son  and  Lowther,  1978;  Behrens  et  al.,  1989;  Jurvelin 
et  al.,  1989).  It  has  been  proposed  that  chondrocytes 
embedded  within  the  matrix  are  ideally  situated  to 
detect  and  transduce  mechanical  signals  and  alter  the 
composition  of  the  matrix  accordingly.  However,  the 
exact  nature  of  the  physical  stimulus  that  chondrocytes 
are  responsive  to  is  unclear  because  the  mechanical 
environment  they  experience  during  mechanical  load¬ 
ing  is  complex. 

Recently,  fluid  flow  has  been  used  in  a  number  of 
studies  as  a  physiologically  relevant  stimulus  for  chon¬ 
drocytes  (Smith  et  al.,  1995;  Mohtai  et  al.,  1996;  Yel- 
lowley  et  al.,  1997).  Fluid  flow  can  be  applied  in  a 
reliable  and  reproducible  manner  by  using  a  parallel 
plate  flow  chamber  (Frangos  et  al.,  1988)  and  imposes 
not  only  shear  stress  but  also  direct  mechanical  strain 
and  electrokinetic  effects,  all  of  which  chondrocytes 
experience  in  vivo  (Mow  et  al.,  1994).  The  emerging 
data  suggest  that  chondrocytes  are  extremely  sensitive 
to  fluid  flow.  Fluid-induced  shear  stress  applied  to  both 
human  and  bovine  articular  chondrocytes  (BAG)  for 

©  1999  WILEY-LISS,  INC. 


24-72  h  induced  morphological  and  metabolic  changes 
including  elongation,  reorientation,  and  changes  in 
proteoglycan  synthesis  and  size  (Smith  et  al.,  1995; 
Mohtai  et  al.,  1996). 

The  mechanism  by  which  fluid  flow  signals  are  per¬ 
ceived  and  then  transduced  into  a  functional  response 
by  chondroc3d:es  is  unknown.  We  previously  showed 
that  fluid  flow  causes  mobilization  of  intracellular  cal¬ 
cium  (Ca^'^i)  in  BAG  (Yellowley  et  al.,  1997),  similar  to 
that  seen  in  other  cells  such  as  endothelial  and  bone 
cells  (Geiger  et  al.,  1992;  Helmlinger  et  al.,  1995;  Hung 
et  al.,  1995)  in  response  to  flow.  Thus,  Ga^'^j  appears  to 
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be  an  important  second  messenger  in  biophysical  sig¬ 
nal  transduction  in  chondrocytes.  However,  the  mech¬ 
anism  by  which  Ca“^j  is  mobilized  in  response  to  fluid 
flow  is  unclear. 

Although  the  mechanism  by  which  flow  mobilizes 
Ca“^i  is  unclear,  a  role  for  G-proteins  in  BAC  mech- 
anotransduction  has  been  suggested  by  studies  demon¬ 
strating  that  fluid-flow-induced  glycosaminoglycan 
synthesis  in  BAC  and  prostaglandin  E2  production  in 
osteoblasts  are  inhibited  by  the  G-protein  inhibitors 
pertussis  toxin  (PTX)  and  guanosine  5'-0-C2-Thio- 
diphosphate  (GDPpS)  (Das  et  al.,  1997;  Reich  et  aL, 
1997).  It  is  not  known,  however,  at  which  step  in  the 
mechanotransduction  pathway  G-proteins  are  in¬ 
volved.  To  address  this  issue  further,  we  examined 
whether  G-proteins  are  involved  in  stimulating  the 
Ca^^i  response  to  flow  in  BAC. 

In  addition  to  G-proteins,  ATP,  acting  as  an  auto¬ 
crine  and  paracrine  agent,  has  also  been  implicated  in 
fluid-flow-induced  Ca^^i  mobilization.  For  instance,  in 
endothelial  cells,  the  concentration  of  ATP  at  the  cell 
surface  increases  with  increased  fluid-flow-induced 
shear  stress  (Milner  et  al.,  1990)  and  addition  of  ATP  to 
the  perfusate  augments  the  Ca^^i  response  to  flow 
(Ando  et  al.,  1991).  This  suggests  that  a  response 
to  fluid  flow  in  vivo  may  include  both  biophysical  and 
biochemical  components.  Because  ATP  has  been  shown 
to  stimulate  Ca^^i  transients  in  BAC  (D’Andrea  and 
Vittur,  1996),  it  may  also  act  as  an  autocrine  and 
paracrine  agonist  in  fluid  flow-induced  Ca^'^i  mobiliza¬ 
tion.  Therefore,  we  also  investigated  the  role  of  ATP  in 
fluid-flow-induced  Ca^"^!  mobilization  in  BAC. 

METHODS 

Chondrocyte  isolation  and  culture 

BAC  were  isolated  as  previously  described  (Yellow- 
ley  et  al.,  1997).  Briefly,  slices  of  articular  cartilage 
were  dissected  from  bovine  hock  joints,  diced,  and  di¬ 
gested  for  2-4  h  in  a  mixture  of  0.15  mg/ml  deoxyribo¬ 
nuclease,  2  mg/ml  collagenase,  and  0.1  mg/ml  hyal- 
uronidase  at  37°C.  The  supernatant  was  removed, 
filtered  through  a  120-  jjiM  Nytex  filter  (Tetko,  Briar- 
cliff  Manor,  1^),  and  centrifuged  at  200^  for  5  min. 
The  resulting  cell  pellet  was  washed  three  times  in 
Hank's  balanced  salt  solution  and  resuspended  in 
RPMI  1640  medium  supplemented  with  20%  fetal  bo¬ 
vine  serum  and  1%  penicillin  and  streptomycin  (all 
Gibco  BRL,  Grand  Island,  NY).  The  cells  were  plated  in 
25-cm^  culture  flasks  (Corning  Glass  Works,  Coming, 
NY)  and  grown  to  confluency  (10-14  days).  The  cells 
were  subcultured  with  a  0.25%  sterile  tr3rpsin  solution 
and  plated  onto  24-  X  60-mm,  1.6-mm-thick  quartz 
slides  (Friedrich  and  Dimmock,  Inc.,  Millville,  NJ)  for 
the  flow  experiments.  Only  passage  1  cells  were  used 
for  the  flow  experiments.  Fifteen  separate  chondrocyte 
isolations  were  used  during  the  flow  experiments.  We 
previously  showed  that  chondrocytes  isolated  in  this 
manner  express  characteristics  of  the  chondrocyte  phe¬ 
notype,  including  a  chondrocytic  morphology  ^d  ex¬ 
pression  of  type  II  collagen  as  detected  by  indirect 
immunofluorescence  (Yellowley  et  al.,  1997). 

Fluid  flow 

A  quartz  slide  with  attached  chondrocytes  formed 
the  bottom  plate  of  the  parallel  plate  flow  chamber  and 


a  machine  milled  polycarbonate  plate  formed  the  top, 
as  previously  described  (Yellowley  et  al.,  1997).  We 
generated  fluid  flow  at  34  ml/min  with  a  Harvard  sy¬ 
ringe  pump  (Harvard  Apparatus,  Natick,  MA)  that  in¬ 
duced  a  shear  stress  of  37  dynes/cm^.  We  chose  a  fluid 
flow  rate  of  34  ml/min  because  we  previously  showed 
that  this  produces  a  Ca^^i  response  in  more  than  70% 
of  BAC  in  a  field  of  view  (Yellowley  et  al.,  1997). 

imaging 

Preconfluent  cells  were  washed  with  Tyrode’s  solu¬ 
tion  at  37°C,  which  contained  (in  mM)  140  NaCl,  4  KCl, 

1  MgCls,  2  CaClg,  5  N-2-hydroxyethylpiperazine-N'-2- 
ethanesulphonic  acid,  and  10  glucose,  and  titrated  to  a 
final  pH  of  7.4  with  4  mM  NaOH.  Cells  were  then 
incubated  with  1  |xM  fura-2-acetoxymethyl  ester 
(fura-2;  Molecular  Probes,  Eugene,  OR)  solution  for  30 
min  at  37°C.  The  cells  were  then  washed  with  fresh 
T3n'ode's  solution  at  37®C,  and  the  slide  was  mounted 
on  a  parallel  plate  flow  chamber.  The  chamber  was 
placed  on  an  inverted  fluorescence  microscope  (Nikon 
Diaphot  300)  and  left  undisturbed  for  30  min.  The  cells 
were  illuminated  as  previously  described  (Yellowley  et 
al.,  1997).  A  Metafluor  imaging  system  (Universal  Im¬ 
aging,  West  Chester,  PA)  was  used  to  sample  and 
record  the  emitted  light  from  the  cells  in  the  field  of 
view  once  every  2.5  sec,  and  Metafluor  imaging  soft¬ 
ware  was  used  to  subtract  the  background  fluorescence 
from  each  image  and  to  outline  and  calculate  the  340: 
380  ratio  for  each  cell  in  the  field  of  view,  which  directly 
reflects  [Ca^'lj.  A  calibration  curve  was  constructed  by 
acquiring  340:380  values  (background  subtracted)  for  a 
series  of  solutions  of  known  free  Ca“^  concentration 
(0-39.8  fxM;  Molecular  Probes)  and  1  |jlM  fura-2  pen- 
tapotassium  salt  (Molecular  Probes).  This  calibration 
curve  was  used  to  convert  ratio  values  from  individual 
cells  into  [Ca^^li. 

Pharmacological  agents 

Different  pharmacological  agents  were  used  to  as¬ 
sess  the  contribution  of  intracellular  stores  to  the  fluid- 
flow-induced  Ca'^'i  response  in  BAC.  Agents  included 
(1)  thapsigargin  (50  nM),  which  inhibits  the  ATP-de- 
pendent  Ca^"^  pump  of  intracellular  stores  and  causes 
Ca^^  discharge  (Thastrup  et  al.,  1990);  (2)  caffeine  (10 
mM),  which  enhances  the  activity  of  the  ryanodine 
receptor  on  intracellular  Ca^^  stores  and  potentiates 
Ca^'^  release  (Tsien  and  Tsien,  1990;  Zacchetti  et  al., 
1991);  (3)  ryanodine,  which  at  high  concentration  (>10 
p.M)  blocks  Ca^'^  release  from  intracellular  calcium 
stores  and  at  low  concentration  (<10  jxM)  activates 
Ca^^  release  by  its  action  on  the  ryanodine-sensitive 
Ca^'^  release  channel  (Fill  and  Coronado,  1988;  Tsien 
and  Tsien,  1990);  and  (4)  neomycin  (10  mM),  which 
blocks  the  hydrolysis  of  phosphatidylinositol  4,5- 
bisphosphate  (PIP2)  to  inositol  1,4,5-trisphosphate 
(IP3)  and  diacylglycerol  (DAG)  and  thus  Ca^"^  release 
from  IPg-sensitive  stores  by  its  action  on  phospholipase 
C  (PLCX  Thapsigargin  or  caffeine  were  perfused  over 
the  cells  in  the  flow  chamber  for  2  min  at  a  flow  rate  of 
1  ml/min  (which  did  not  elicit  calcium  responses  in 
BAC)  followed  by  a  period  of  no  flow  for  2  min.  Fluid 
flow  was  then  applied  at  34  ml/min  for  3  min.  Neomy¬ 
cin  was  applied  to  the  cells  for  30  min  prior  to  fluid 
flow.  Ryanodine  was  applied  at  both  1  |jlM  and  20  fxM  to 
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cells  for  30  min  prior  to  fluid  flow.  All  of  these  drugs 
were  also  present  at  their  respective  concentrations  in 
the  fluid  flowing  past  the  cells,  PTX  (Calbiochem,  San 
Diego,  CA)  was  used  to  assess  the  role  of  G-proteins  in 
the  Ca“^  response  to  fluid  flow  in  BAG.  Cells  were 
exposed  to  0.5  p-g/ml  PTX  in  media  for  24  h  prior  to 

exposure  to  fluid  flow.  Arr-n 

Suramin  was  used  to  assess  the  contribution  of  ATP 
to  the  fluid-flow-induced  Ca^^i  response  in  BAG. 
Suramin  (100  p-M),  which  is  a  P2  purinergic  blocker, 
was  applied  to  the  cells  for  30  min  prior  to  fluid  flow  or 
ATP  challenge. 

Data  analysis 

To  identify  Ca^"”  transients,  we  used  an  adapted 
numerical  procedure  from  mechanical  fatigue  analysis, 
known  as  Rainflow  Cycle  Counting  (Downing  and  So- 
cie,  1982).  This  simple  algorithm  reliably  and  automat¬ 
ically  identifies  and  determines  the  amplitudes  of 
spikes  and  transients  in  time  history  data  even  when 
superimposed  over  each  other  or  in  the  presence  of 
background  noise  that  otherwise  might  make  ampli¬ 
tude  determination  challenging.  We  previously  used 
this  algorithm  to  identify  transients  in  [Ca  ]i  in  bone 

cells  (Jacobs  et  al.,  1998).  ro  2+1  ron 

We  defined  a  response  as  a  transient  m  ICa  ^  ot 
nM  or  greater.  Data  were  collected  for  1  min  at  the 
start  of  each  experiment  in  the  absence  of  flow  and 
then  for  a  period  of  3  min  in  the  presence  of  flow  at  34 
ml/min.  Data  are  expressed  as  mean  ±  S.E.M.  To  com¬ 
pare  observations  from  different  groups  with  une(^al 
sample  size,  a  two-sample  Student’s  ^-test  was  used  in 
which  sample  variance  was  not  assumed  to  be  equal. 
To  compare  observations  from  more  than  two  groups,  a 
one-way  analysis  of  variance  was  used  followed  by  a 
Student-Newman-Keuls  multiple  comparisons  Post  hoc 
test  (Instat,  GraphPad  Software  Inc.,  San  Diego,  CA). 
P  <  0.05  was  considered  statistically  significant. 

RESULTS 

Role  of  intracellular  calcium  stores  in  the 
cellular  response  to  fluid  flow 

We  previously  demonstrated  that  fluid  flow  induces 
[Ca^""]!  transients  in  BAG  (Yellowley  et  al.,  1997).  The 
following  experiments  were  performed  to  assess  the 
contribution  of  release  of  Ca^  from  intracellular  stores 
to  the  fluid-flow-induced  intracellular  Ca^'^  response  in 
BAG.  Figure  1  shows  the  effect  of  different  pharmaco¬ 
logical  blockers  on  the  Ca^^j  response  to  a  steady  flow 
rate  of  34  ml/min;  6.7  ±  1.2%  of  cells  mounted  on  the 
flow  chamber  but  subjected  to  no  flow  for  3  min  (no-flow 
control)  showed  spontaneous,  transient  increases  m 
51.4  ±  5.6%  of  cells  showed  a  response  to 
a  flow  rate  of  34  ml/min  in  the  absence  of  blockers  (flow 
control).  In  the  presence  of  50  nM  thapsigargin  and  10 
mM  neomycin,  the  percentage  of  cells  responding  to  a 
flow  rate  of  34  ml/min  was  significantly  decreased  rel¬ 
ative  to  the  flow  control,  to  8.0  ±  2.8%  and  6.4  ±  4.0^^ 
respectively.  In  the  presence  of  ryanodine,  1  |xM  and  20 
iiM,  and  10  mM  caffeine,  the  percentage  of  cells  re¬ 
sponding  was  34.1  ±  2.6%,  56.9  ±  6.1%,  and  44.7  ± 
2.6%,  respectively,  none  of  which  were  significanuy 
different  from  the  flow  control.  Figure  IB  shows  the 
mean  intracellular  Ca'"  ^  amplitude  of  those  c^ls  re¬ 
sponding  during  fluid  flow  in  the  presence  and  absence 
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Fig.  1.  Effect  of  intracellular  Ca^"  store  modulators  on  the  Ca"  ; 
response  to  flow  in  bovine  articular  chondrocytes.  A:  Mean  percentage 
of  cells  showing  a  spontaneous  Ca*'^'*'  transient  in  the  absence  ot  flow 
(no-flow  control),  a  response  to  a  flow  rate  of  34  ml/min  in  normal 
saline  (flow  control),  and  the  presence  of  50  nM  thapsigargin,  10  mM 
neomycin,  10  mM  caffeine,  1  ^JLM  and  20  fxM  ryanodine.  Each  bar 
represents  the  mean  ±  S.E.M.,  and  each  experiment  was  repeated  on 
9, 12,  4,  4,  4,  3  and  3  plates,  respectively.  B:  Mean  increase  in  [La  I, 
in  cells  showing  spontaneous  transients  (no-flow  control)  and  re¬ 
sponse  during  fluid  flow  (34  ml/min)  in  normal  saline  (flow  control) 
and  in  the  presence  of  thapsigargin,  neomycin,  caffeine,  and  ryano¬ 
dine.  Each  bar  represents  the  mean  ±  S.E.M..  and  each  expenrn^ent 
was  repeated  on  9,  12,  4,  4,  4,  3,  and  3  plates,  respectively.  "’P  <  0.05 
versus  flow  control. 


of  intracellular  store  blockers.  There  was  no  significant 
difference  between  experimental  groups  with  respect  to 
mean  intracellular  Ca^”^  response  amplitudes,  with  the 
exception  of  thapsigargin,  which  reduced  the  mean  am¬ 
plitude  to  24.1  ±  0.8  nM  compared  with  the  flow  con¬ 
trol,  47.69  ±  3.3  nM.  It  should  be  noted  that  the  [Ca  li 
amplitudes  recorded  in  the  presence  of  thapsigargin  or 
neomycin  reflect  the  amplitudes  of  spontaneous  in¬ 
creases  in  [Ca^"^]!  because,  in  the  presence  of  these  two 
agents,  flow  did  not  increase  the  percentage  of  cells 
responding  over  no-flow  controls. 

Role  of  G-proteins  in  the  cellular  response 
to  fluid  flow 

Experiments  were  performed  to  assess  the  role  of 
G-proteins  in  the  fluid-flow-induced  intracellula^a 
response  in  BAG.  Cells  were  exposed  to  0.5  p.g  PTX  for 
24  h  prior  to  fluid  flow.  Exposure  to  PTX  significantly 
decreased  the  percentage  of  cells  responding  to  fluid 
flow  from  67.47  i  8.39%  to  29.20  —  8.54%  (Fig.  2A). 
PTX  exposure  also  decreased  the  mean  increase  in 
[Ca-"^]  in  those  cells  responding  during  fluid  flow,  from 
55.01  ±  4.27  nM  to  37.72  ±  2.83  nM  (Fig.  2B). 
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Fig.  2.  A:  Effects  of  pertussis  toxin  (PTX)  on  the  Ca“"j  response  to 
fluid  flow  in  bovine  articular  chondrocytes.  Mean  percentage  of  ceils 
showing  a  Ca^  \  response  to  a  flow  rate  of  34  ml/min  with  and  without 
prior  exposure  to  0.5  |xg  PTX  for  24  h.  Each  bar  represents  the  mean  ± 
S.E.M.,  and  each  experiment  was  repeated  on  at  least  four  separate 
slides.  B:  Mean  increase  in  [Ca^^li  in  cells  responding  during  fluid 
flow  (34  ml/min)  with  and  without  prior  exposure  to  0.5  \xg  PTX  for 
24  h.  Each  bar  represents  the  mean  ±  S.E.M.,  and  each  experiment 
was  repeated  on  at  least  four  separate  slides.  *P  <  0.05  versus  flow 
control. 


Role  of  ATP  in  the  cellular  response 

to  fluid  flow 

Experiments  were  performed  to  assess  the  contribu¬ 
tion  of  ATP  to  the  fluid-flow-induced  intracellular  Ca^^ 
response.  Figure  3  shows  the  effect  of  exposing  cells  to 
100  |jlM  suramin,  a  P2  purinergic  blocker,  for  30  min 
prior  to  fluid  flow.  In  the  presence  of  suramin,  43.45  ± 
5.61%  of  cells  exhibited  a  Ca“^i  response  that  was  not 
significantly  different  from  that  of  the  control,  51.67  ± 
9.61%;  6.60  ±  1.09%  of  cells  showed  spontaneous 
[Ca“^]i  transients  in  the  absence  of  fluid  flow  (Fig.  3A). 
The  mean  increase  in  [Ca^'^li  in  cells  responding  during 
fluid  flow  in  the  presence  of  suramin  was  56.95  ±  8.73 
nM,  which  was  not  significantly  different  from  that  of 
either  the  control,  51.85  ±  8.45  nM,  or  spontaneous, 
41.39  ±  7.89  nM,  calcium  transients  (Fig.  3B). 

Experiments  were  performed  to  determine  whether 
suramin  was  acting  as  an  effective  P2  purinergic 
blocker  in  BAC.  BAC  were  grown  on  1.25-cm-diameter 
glass  coverslips  and  mounted  in  an  open  experimental 
bath.  Figure  4A  shows  the  effect  of  introducing  Na-ATP 
to  a  final  concentration  of  100  pM  to  the  experimental 
bath;  99.44  ±  0.27%  of  cells  responded  to  an  ATP 
challenge,  with  a  mean  [Ca“^]i  response  amplitude  of 
323.54  ±  62.88  nM  (Fig.  4C,D).  Exposure  of  cells  to  100 
pM  suramin  for  30  min  prior  to  ATP  challenge  (Fig.  4B) 
significantly  decreased  the  percentage  of  cells  respond¬ 
ing  to  4.98  ±  2.48%  and  the  mean  amplitude  of  re¬ 
sponding  cells  to  42.52  ±  2.57  nM  (Fig.  4C,D). 

DISCUSSION 

As  expected,  our  experiments  showed  that  fluid  flow 
increases  [Ca'^^li  in  BAC.  The  mean  [Ca^'^’l^  response 
amplitude  to  fluid  flow  was  less  than  that  seen  in 
endothelial  cells  (Geiger  et  al,  1992)  but  similar  to  the 
responses  of  other  cells  of  the  musculoskeletal  system 
such  as  osteoblasts  (Hung  et  al.,  1995).  We  also  found 
that  the  Ca“^i  response  to  fluid  flow  was  modest  when 
compared  with  the  Ca'^^i  response  to  ATP  challenge. 
However,  this  most  likely  reflects  the  magnitude  of  the 
applied  stimulus  because  the  Ca^^i  response  amplitude 
to  ATP  in  chondrocytes  has  been  show  to  be  concentra¬ 
tion  dependent  (Kaplan  et  al.,  1996;  Koolpe  and  Ben¬ 
ton,  1997).  Similarly,  rabbit  chondrocytes  poked  with  a 
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Fig.  3.  A:  Effects  of  suramin  on  the  Ca""j  response  to  fluid  flow, 
Mean%  of  cells  showing  a  spontaneous  transient  in  the  absence 
of  flow  (no-flow),  a  response  to  a  flow  rate  of  34  ml/min  in  normal 
saline  (flow  control),  and  the  Ca-'j  response  to  a  flow  rate  of  34  ml/min 
with  prior  exposure  to  100  p,M  suramin  for  30  min.  Each  bar  repre¬ 
sents  the  mean  ±  S.E.M.,  and  each  experiment  was  repeated  on  at 
least  three  separate  slides.  B:  Mean  increase  in  [Ca"*'];  in  cells  show¬ 
ing  spontaneous  transients  (no-flow)  and  response  during  fluid  flow 
(34  ml/min)  with  and  without  prior  exposure  to  100  }xM  suramin  for  30 
min.  Each  bar  represents  the  mean  ±  S.E.M.,  and  each  experiment 
was  repeated  on  at  least  three  separate  slides.  <  0.05  versus  flow 
control. 


micropipette,  which  subjects  cells  to  a  significantly  dif¬ 
ferent  type  of  mechanical  stimulus,  especially  in^erms 
of  magnitude  of  the  stimulus,  results  in  [Ca“^]i  re¬ 
sponses  of  almost  2,000  nM  (Grandolfo  et  al.,  1998). 

Many  extracellular  signals  stimulate  increases  in 
[Ca^'^li,  which  are  produced  by  an  influx  of  Ca“"  across 
the  cell  membrane,  release  of  Ca“^  from  intracellular 
stores,  or  a  combination  of  the  two.  Data  from  previous 
experiments  strongly  suggest  that  influx  of  extracellu¬ 
lar  Ca“^  plays  a  significant  role  in  generating  the  in¬ 
tracellular  Ca^^  response  to  fluid  flow  in  BAC  (Yellow- 
ley  et  al.,  1997).  However,  the  role  of  intracellular 
stores,  in  particular  the  involvement  of  IP3,  and  ryan¬ 
odine-sensitive  stores  is  less  clear. 

Thapsigargin,  which  inhibits  the  ATP-dependent 
Ca‘^^  pump  on  intracellular  stores  and  causes  Ca’^"^ 
discharge,  decreased  the  percentage  of  cells  responding 
to  flow,  to  levels  similar  to  those  of  the  no-flow  controls. 
This  suggests  that  Ca^"^  mobilization  from  internal 
stores  is  required  for  the  Ca“^^  response  to  flow  in  BAC. 
During  a  period  of  no  flow,  BAG  displayed  spontaneous 
and  transient  increases  in  [Ca'^^li.  The  percentage  of 
cells  displaying  increases  in  [Ca“'^]i  during  fluid  flow  in 
the  presence  of  neomycin  or  thapsigargin  was  not  sig¬ 
nificantly  different  from  that  of  the  no-flow  controls. 
This  suggests  that  these  increases  in  [Ca^‘]i  were 
spontaneous  and  that  the  occurrence  of  spontaneous 
transients  was  not  affected  by  neomycin  or  thapsigar¬ 
gin,  However,  thapsigargin  did  decrease  the  amplitude 
of  the  spontaneous  transients.  The  finding  that  neither 
neomycin  nor  thapsigargin  affected  the  occurrence  of 
spontaneous  transients  but  decreased  the  occurrence  of 
flow-induced  transients  suggests  that  spontaneous 
[Ca^^li  transients  may  occur  through  mechanisms  dif¬ 
ferent  from  those  of  flow-induced  [Ca^^li  transients. 

Although  our  thapsigargin  data  suggest  a  role  for 
intracellular  store  Ca^^  release  in  response  to  flow, 
they  provide  no  information  concerning  the  type  of 
store  involved.  However,  data  from  the  present  exper¬ 
iments  involving  the  application  of  neomycin,  which 
disrupts  the  inositol  phospholipid  pathway,  suggest 
that  IP;j  generation  and  subsequent  mobilization  of 
Ca“^  are  required  for  the  Ca"^  response  to  flow  in  BAC. 
However,  neither  ryanodine  nor  caffeine  affected  the 


406 


YELLOWLEY  ET  AL. 


A  B 


Fig.  4.  A:  Effect  of  100  ATP  applied  externally  on  [Ca^'^lj  in  with  and  without  prior  exposure  to  100  |xM  suramin.  Each  rep- 

bovine  articular  chondrocytes  (BAG).  Each  line  represents  the  intra-  resents  the  mean  ±  S.E.M.,  and  each  experiment  vms  repeated  on  at 

cellular  Ca^^  signal  from  a  single  cell.  The  arrow  indicates  the  time  of  least  three  separate  slides.  D:  Mean  increase  m  [Ca  Jj  m  cells  re- 

application  of  ATP.  B:  Effect  of  a  30-min  exposure  to  100  [M  suramin  spending  to  100  ATP  applied  externally  with^d  without  pnor 
on  the  [Ca“"l-  response  to  100  |xM  ATP  applied  externally  in  BAG.  The  exposure  to  100  |jlM  suramin.  Each  bar  represents  the  mean  ±  b.E.M., 

arrow  indicates  the  time  of  application  of  ATP.  C;  Mean  percentage  of  and  each  experiment  was  repeated  on  at  least  three  separate  slides, 

cells  showing  a  [Ga-^lj  response  to  100  \iM  ATP  applied  externally  <  0.05  versus  control  (ATP). 


flow  response,  suggesting  that  ryanodine-sensitive  produce  IP3,  thus  stimulating  the  release  of  Ca  from 
Ca^^  store  release  was  not  involved.  Although  neomy-  intracellular  stores  (Berridge,  1993),  can  also  be  acti- 
cin  has  been  shown  to  have  other  cellular  effects  (e.g.,  vated  by  G-protein-linked  receptors.  PTX  has  been 
in  certain  cells  t5rpes,  it  blocks  voltage-sensitive  Ca^^  shown  to  block  predominately  the  Gi/o  family  of  G- 
channels),  our  results  are  similar  to  those  reported  for  proteins  (Hepler  and  Gilman,  1992).  In  the  present 
both  bone  and  endothelial  cells.  For  instance,  an  in-  study,  PTX  significantly  decreased  the  percentage  of 
crease  in  IP3  levels  in  response  to  fluid  flow  has  been  cells  responding  to  fluid.  Furthermore,  fluid-flow-stim- 
demonstrated  in  rat  calvarial  osteoblasts  (Reich  and  ulated  glycosaminoglycan  synthesis,  which  may  involve 
Frangos  1991)  and  human  and  bovine  endothelial  cells  Ca^'^i  mobilization,  has  also  been  shown  to  be  sensitive 
(Nollert  'et  al.,  1990;  Bhagyalakshmi  et  al.,  1992;  to  PIX  in  BAG  (Das  et  al.,  1997).  Taken  together,  these 
Prasad  et  al.,  1993).  In  addition,  neomycin  has  been  data  suggest  that  G-proteins  of  the  Gi/o  family  are 
shown  to  block  the  shear-stress-induced  [Ca^-^li  re-  involved  in  the  Ca^"^i  response  pathway.  However,  po- 
sponse  in  rat  calvarial  osteoblasts  (Hung  et  al.,  1996).  tential  roles  for  Gs,  Gq/Gll,  or  the  G12/13  families  of 
Taken  together,  although  our  data  suggest  that  the  G-proteins  cannot  be  excluded. 

fluid-flow-induced  Ca^^  response  involves  both  Ca^"^  Although  the  present  experiments  show  that  BAG 
influx  through  membrane  ion  channels  and  intracellu-  are  clearly  responsive  to  fluid  flow,  the  exact  nature  of 
lar  Ga^^  release,  the  exact  sequence  of  these  events  the  stimulus  is  unknown.  For  example,  the  cells  may  be 
remains  to  be  elucidated.  responding  to  a  purely  mechanical  signal,  electroki- 

G-proteins  are  heterotrimeric  GTP  binding  and  hy-  netic  effects,  a  chemical  factor  present  in  the  media,  or 
drolyzing  proteins  that  link  a  variety  of  cell-surface  even  a  combination  of  these  three  signals.  Ghemotrans- 
receptors  to  effector  proteins  such  as  membrane  ion  port  effects,  induced  by  fluid  flow  through  the  cartilap 
channels  at  the  plasma  membrane.  In  a  variety  of  cell  matrix  replenishing  the  fluid  environment  around  the 
types,  PLG,  which  catalyzes  the  hydrolysis  of  PIP2  to  chondrocytes,  may  be  an  important  factor  in  the  sensi- 
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tivity  of  chondrocytes  to  the  flow  environment.  For 
example,  the  response  to  flow  in  BAG  has  been 

shown  to  be  augmented  by  addition  of  2%  fetal  bovine 
serum  to  the  perfusate  (Hung  et  al.,  1997).  In  addition, 
we  have  presented  data  consistent  with  the  hypothesis 
that,  in  bone  cells,  the  Ca*^^  response  to  fluid  flow  is 
dependent  on  chemotransport  effects  (Jacobs  et  al., 
1998).  The  agents  involved  in  chemotransport  are  not 
known.  However,  in  endothelial  cells,  it  has  been  pro¬ 
posed  that  chemotransport  of  ATP  released  by  the  cells 
themselves  mediates  the  Ca^^i  response  to  flow.  For 
example,  the  ATP/ADPase,  apyrase,  which  would  be 
expected  to  break  down  extracellular  ATP,  inhibited  a 
fluid-shear-induced  Ca^^^  response  in  endothelial  cells 
(Grierson  and  Meldolesi,  1995).  Therefore,  we  postu¬ 
lated  that  chemotransport  of  ATP  may  be  contributing 
to  flow-induced  Ca^'^i  mobilization  in  BAG.  However, 
suramin,  a  P2  purinergic  blocker,  had  no  effect  on  the 
Ga^^i  response  to  flow  in  BAG,  suggesting  that  the 
response  is  not  mediated  by  release  of  ATP  by  the  cells. 
Although  suramin  can  have  a  variety  of  effects  on  cells 
including  inhibition  of  various  types  of  ATPases,  GT- 
Pase,  DNA  and  RNA  polymerases,  reverse  transcrip¬ 
tase,  and  inhibition  of  binding  of  certain  growth  factors 
to  their  receptors,  we  chose  it  for  its  reported  ability  to 
antagonize  P2-purinoceptor  responses  (Hoyle  et  al., 
1990).  Our  data  showed  that  it  completely  inhibited  an 
ATP-induced  [Ga^'^li  transient  in  BAG,  suggesting  that 
it  was  acting  as  an  effective  P2-purinergic  blocker  in 
these  experiments.  The  P2  family  of  receptors  was  orig¬ 
inally  divided  into  two  subtypes,  P2X  and  P2YJ  based  on 
receptor  affinity  for  a  variety  of  ATP  analo^es  (Burn- 
stock  and  Kennedy,  1985).  More  recent  evidence  sug¬ 
gests  the  existence  of  a  receptor  that  responds  to  ATP 
or  UTP,  named  P2U  (Conigrave  and  Jiang,  1995).  Al¬ 
though  we  have  focused  on  the  role  of  ATP  in  these 
studies,  it  is  possible  that  our  data  using  suramin  also 
rule  out  a  role  for  ATP  analogues  and  UTP  in  the  Ca^^j 
response  to  fluid  flow  in  BAG.  Our  results  suggest  that 
chemotransport  of  ATP  is  not  involved  in  flow-induced 
Ga^^i  mobilization  in  BAG.  However,  we  cannot  ex¬ 
clude  the  possibility  that  chemotransport  of  other 
agents  is  involved. 

In  summary,  our  data  suggest  that  the  fluid-flow- 
induced  Ga^^j  response  in  BAG  involves  both  influx  of 
external  Ga^^  and  release  of  internal  Ga^"^  from  IP3- 
sensitive  stores  and  that  the  mechanism  is  G-protein 
activated.  In  addition,  ATP  release  by  chondroc3d:es 
does  not  appear  to  mediate  the  flow-induced  Ga“'^i  re¬ 
sponse. 
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Introduction:  Gap  junctions  are  protein  channels  that  physically  link 
neighboring  cells  and  allow  the  passage  of  small  molecules  and  ions  (<lkDa) 
by  rapid  diffusion,  a  process  known  as  gap  Junctional  intercellular 
communication  (GJIC).  Although  gap  junctions  have  been  identified  in  bone, 
their  function  is  unclear.  It  has  been  suggested  that  they  may  be  involved  in 
differentiation  and  extracellular  signal  responsiveness  (1).  In  the  latter 
scenario,  it  is  possible  that  gap  junctions  sensitize  cells  and  enable  cell 
ensembles  to  respond  to  physical  stimuli  with  a  more  robust  response  than  that 
attained  if  the  cells  are  not  coupled.  To  investigate  this,  we  subjected 
osteoblastic  cells  to  physiologic  levels  of  oscillatory  fluid  flow  and  quantified 
prostaglandin  E2  (PGE2)  production  and  intracellular  calcium  concentration 
([Ca^'^ji).  To  correlate  these  findings  with  the  role  of  GJIC,  we  utilized 
osteoblastic  MC3T3-E1  (MC)  cells;  MC  cells  expressing  a  dominant  negative 
Cx43  (DN-8),  the  predominant  gap  junction  protein  in  bone,  and  control 
transfectants  (DN-VC). 

Methods:  Cultures:  MC  cells  were  maintained  in  MEM-a  supplemented 
with  10%  fetal  bovine  serum  (FBS)  and  1%  penicillin/streptomycin,  DN-VC 
and  DN-8  cells  were  maintained  in  neomycin-supplemented  MC  media.  Cell 
lines  were  maintained  in  culture  for  24,  48  or  96hrs  at  37°C  and  5%  CO2. 
GJIC  Quantification:  Donor  cells  labeled  for  30mins  with  lOM  calcein  AM 
and  Dil  were  trypsinized,  centrifuged,  resuspended  in  media  and  dropped  onto 
confluent  monolayers  of  unlabeled  acceptor  cells  for  90mins.  If  GJIC  occurs, 
the  calcein,  which  is  gap  junction  permeant,  transfers  to  neighboring  cells 
which  then  fluoresce  green  while  the  Dil  remains  on  the  donor  cell  and  is  used 
as  an  identification  marker.  GJIC  was  quantified  with  fluorescent  microscopy 
in  the  three  cell  lines  at  24,  48  and  96hrs.  PGE2  Quantification:  Plated  cells 
were  inverted  on  the  parallel  plate  flow  chamber  and  subjected  to  oscillatory 
fluid  flow  at  IHz  and  a  shear  stress  of  20  dyne/cm^  for  Ihr  (2).  Following 
flow,  plates  of  cells  were  incubated  in  lOmL  of  fresh  media  for  Ihr.  The 
media  was  then  collected  and  assayed.  PGE2  was  normalized  to  total  protein 
and  quantified  in  the  cell  lines  at  48  and  96hrs.  Imaging:  Plated  cells 

loaded  with  lOpM  fura2-AM  were  inverted  on  a  parallel  plate  flow  chamber 
and  subjected  to  oscillatory  fluid  flow  at  IHz  and  a  shear  stress  of  20dyne/cm^ 
for  3mins  preceded  by  a  3min  no  flow  baseline.  Using  fluorescent 
microscopy,  images  were  captured  with  acquisition  and  analysis  software  and 
converted  into  ratios  quantifying  [Ca^'^ji  in  the  three  cell  lines  at  96hrs. 
Results:  GJIC  Assays:  GJIC  was  quantified  at  24,  48  and  96hrs  (Table  1). 
GJIC  in  MC  and  DN-VC  cells  was  not  dependent  upon  time  in  culture  up  to 
96hrs  and  did  not  differ  statistically  from  themselves  or  each  other  at  the 
various  timepoints.  DN-8  cells  at  96hrs  exhibited  a  significant  decrease  in 
coupling  in  comparison  to  the  MC  and  DN-VC  cells  (p<0.001),  as  well  as  in 
comparison  to  itself  at  24  and  48hrs  (p<0.001).  The  difference  between  24 
and  48hrs  in  the  DN-8  cells  was  also  significant  (p<0.05). 


MC3T3-E1 

DN-VC 

DN-8 

24  HRS 

10.32  ±  .46 

10.69  ±  .45 

11.10±.42 

48  HRS 

10.08  ±.48 

9.98  ±  .62 

9.85  ±.37 

96  HRS 

9.68  ±  .60 

9.78  ±  .53 

1.96  ±.53 

Table  I,  Results  of  GJIC  assays  at  96hrs.  The  numbers  represent  the  number  of 
neighboring  cells  (maximum  of  fifteen)  in  monolayer  Jluorescing  green  via  GJIC.  Cell 
counts  are  shown  as  meanJSEM  with  each  number  representative  of  at  least  60  cells. 

PGEt  Assays:  At  96hrs,  oscillatory  fluid  flow  induced  a  significant  increase 
in  PGE2  production  in  both  the  MC  (p<0.0004)  and  DN-VC  (p<0.0001)  cells 
(Figure  1).  For  the  DN-8  cell  line  at  96hrs  when  these  cells  displayed  reduced 
coupling,  oscillatory  fluid  fiow  did  not  induce  a  PGE2  response;  however, 
basal  levels  of  PGE2  were  elevated.  Importantly,  at  48hrs  when  these  cells 


displayed  GJIC  equivalent  to  the  other  cell  lines  examined,  DN-8  cells 
exhibited  a  significant  increase  in  PGE2  production  (p<0.0421)  which  was  not 
statistically  different  from  the  other  lines  at  this  time  point  (data  not  shown). 
rCa^'^li  Imaging:  Exposure  to  oscillatory  fluid  flow  resulted  in  a  significant 
increase  in  the  percentage  of  cells  displaying  an  increase  in  [Ca^"^]!  in  all  cell 
lines  examined  (Figure  2).  However,  the  percentage  of  cells  responding  to 
oscillatory  fluid  flow  was  similar  in  all  three  cell  lines  despite  differences  in 
GJIC. 


MC3T3-E1  DN-VC  DN-S 

Figure  I.  Results  of  PGE:  quantification  at  96hrs.  The  numbers  represent  oscillatory 
fluid  flow-induced  PGE:  production  normalized  to  total  protein.  The  responses  are 
shown  as  meandSEM  with  each  number  representative  of  at  least  ten  experiments. 


no  flow  flow  no  flow  flow  no  flow  flow 
MC3T3-E1  DN-VC  DN-8 


Figure  2.  Results  of  [Ca'^j,  imaging  at  96hrs.  The  numbers  represent  the  percentage  of 
cells  responding  to  oscillatory  fluid  flow  with  an  increase  in  [Ca'^Ji.  The  responses  are 
shown  as  meandSEM  with  each  number  representative  of  at  least  six  experiments. 

Discussion:  DN-8  cells  displayed  an  82.3%  decrease  in  GJIC  from  24  to 
96hrs  in  culture  demonstrating  the  power  of  this  novel  cell  line.  Osteoblastic 
cells  with  abundant  GJIC  (MC  and  DN-VC)  displayed  a  robust  [Ca^"^,  and 
PGE2  response  to  fluid  flow  as  did  DN-8  cells  at  48hrs  when  they  also 
displayed  abundant  GJIC.  However,  at  96hrs  when  DN-8  cells  displayed 
decreased  GJIC,  their  PGEi  response  to  oscillatory  fluid  flow  was  also 
decreased  whereas  the  cytosolic  Ca^'^  response  was  intact.  Thus,  our  results 
suggest  that  gap  junctions  contribute  to  the  PGE2  but  not  the  Ca^"^  response  to 
oscillatory  fluid  flow.  These  findings  implicate  gap  junctions  in  bone  cell 
ensemble  responsiveness  to  oscillatory  fluid  flow  and  suggest  that  gap 
junctions  and  GJIC  play  a  pivotal  role  in  mechanotransduction  mechanisms  in 
bone. 
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Introduction 

Mechanical  loading  influences  bone  cell  metabolism  and  bone  structure.  For 
example,  four-point  bending  increases  bone  formation  in  rat  long  bones.  ‘  It 
has  been  demonstrated  that  this  adaptation  is  dependent  on  the  frequency  and 
magnitude  of  loading,"  and  that  the  capacity  for  adaptation  to  mechanical 
loading  declines  with  age.^  The  mechanotransduction  signaling  pathways 
which  mediate  bone  adaptation  to  mechanical  loading,  and  how  they  change 
with  age,  are  unknown.  However,  several  studies  have  demonstrated  that 
mechanical  signals  induce  cytosolic  calcium  oscillations  in  bone  cells."* 
Therefore,  we  hypothesized  that  calcium  oscillations  in  osteoblastic  cells 
isolated  from  rat  long  bones  would  be  dependent  on  loading  frequency,  shear 
stress,  and  the  age  of  the  rat  from  which  the  cells  were  isolated. 

Methods 

Bone  Cells  Subperiosteal  osteoblastic  cells  were  isolated  from  the  humeri, 
tibiae,  and  femora  of  young  (4  mos.,  n  =  7),  mature  (12  mos.,  n  =  6),  and  old 
(24  mos.,  n  =  7)  male  Fisher  344  rats.  All  soft  tissues  were  stripped  from  the 
bones  and  cells  were  isolated  by  sequential  collagenase  digestions  at  37°C. 
Cells  from  the  second  digestion  were  collected  by  centrifugation  and  grown  to 
confluency  in  DMEM,  20%  FBS,  and  1%  penicillin/streptomycin.  Cells 
isolated  by  this  technique  display  osteoblastic  characteristics.^  Cells  were 
plated  on  quartz  microscope  slides  at  concentrations  that  reached  70% 
confluency  on  the  day  of  experimentation.  Cells  were  incubated  at  37°C  with 
10  jiL  (^M)  Fura-2  AM  for  30  minutes  prior  to  mechanical  stimulation. 

Fluid  Flow  System  The  slides  were  mounted  in  a  parallel  plate  flow  chamber. 
A  materials  testing  machine  was  used  to  pump  a  syringe,  in  series  with  rigid 
wall  tubing  and  a  flow  meter,  to  drive  oscillating  fluid  flow  through  the 
chamber.  The  flow  media  consisted  of  DMEM  and  2%  FBS.  Cells  were 
exposed  to  3  minutes  of  oscillating  fluid  flow  that  produced  shear  stresses  of  1 
or  2  Pa  at  frequencies  of  0.2,  1 ,  or  2  Hz.  Six  slides  of  cells  from  each  rat  were 
randomly  assigned  to  one  of  the  six  shear  stress/frequency  combinations. 
Calciimi  Imasins  The  flow  chamber  was  mounted  on  the  stage  of  a 
fluorescent  microscope.  Images  of  the  fluorescence  intensity  were  collected 
for  a  3 -minute  no  flow  period  and  3  minutes  of  oscillating  flow.  Image 
analysis  software  (Metaflour,  West  Chester,  PA)  was  used  to  determine  real¬ 
time  intracellular  calcium  concentrations  ([Ca"""];)  using  ratiometric  dye 
methodology.  [Ca"'^]i  was  determined  for  25-35  individual  cells  for  each  slide. 
Statistics  A  factorial  ANOVA  was  used  to  assess  the  influence  of  age, 
loading  frequency,  and  shear  stress  on  the  percentage  of  cells  responding  to 
fluid  flow  with  a  calcium  oscillation  greater  than  50  nM. 
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Figure  1:  Influence  of  age  on  the  %  of  cells  responding  to  oscillating  fluid 
flow.  Means  with  standard  error  bars  (n  =42  for  4  and  24  mos.,  n  =  36  for  12 
mos.).  Groups  with  the  same  letter  are  not  significantly  different  (p  <0.05). 

Results 

Resting  [Ca"^!  were  20-50  nM.  Spontaneous  calcium  oscillations  ocurred  in 
cells  from  young  (9%),  mature  (8%),  and  old  (2%)  rats  during  the  no  flow 
period.  Significantly  (p  <  0.0001)  more  cells  displayed  calcium  oscillations 
during  fluid  flow.  Age  (p  =  0.043),  loading  frequency  (p  =  0.0001),  and  shear 
stress  (p  =  0.038)  significantly  influenced  the  number  of  cells  responding  to 


fluid  flow.  Mature  cells  were  more  responsive  than  old  cells  (Figure  1).  Cells 
were  more  responsive  to  0.2  Hz  than  to  1  or  2  Hz  (Figure  2).  Cells  were  more 
responsive  to  2  Pa  than  1  Pa  (Figure  3). 
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Figure  2:  Influence  of  loading  frequency  on  the  %  of  cells  responding  to 
oscillating  fluid  flow.  Means  with  standard  error  bars  (n=  40  slides  for  each 
group).  Groups  with  the  same  letter  are  not  significantly  different  (p  <0.05). 


100 


1  2 
Shear  Stress  (Pa) 


Figure  3:  Influence  of  shear  stress  on  the  %  of  cells  responding  to  oscillating 
fluid  flow.  Means  with  standard  error  bars  (n  =  60  slides  for  each  group). 
Groups  with  the  same  letter  are  not  significantly  different  (p  <  0.05). 

Discussion 

Bones  adapt  to  mechanical  loading  in  a  frequency  and  magnitude  dependent 
fashion.  However,  their  ability  to  adapt  is  compromised  with  age.  We  found 
that  calcium  signaling  in  an  ensemble  of  osteoblastic  cells  was  dependent  on 
the  frequency  and  magnitude  of  fluid  flow  induced  shear  stress.  This  suggests 
that  intracellular  calcium  signaling  is  an  important  component  of 
mechanotransduction  in  bone.  The  magnitude  and  frequency  of  mechanical 
loading  may  be  encoded  in  the  calcium  signaling  response,  which  may 
influence  down  stream  signaling  events.  We  also  showed  that  the 
mechanosensitivity  of  an  ensemble  of  bone  cells  declines  in  old  age.  Bone 
adaptation  to  increased  mechanical  loading  is  likely  to  be  mediated  by  a 
complex  molecular  signaling  cascade,  which  ultimately  leads  to  gene 
expression,  matrix  production,  and  new  bone  formation.  [Ca"^i  oscillations 
are  believed  to  be  an  important  and  early  response  to  mechanical  loading. 
[C2r*]i  oscillations  are  required  for  fluid  flow  induced  upregulation  of 
osteopntin  mRNA  expression  in  MC3T3  osteoblastic  cells.®  The  decreased 
mechanoresponsiveness  of  bone  cells  from  old  rats  may  partially  explain  why 
adaptation  to  mechanical  loading  is  impaired  in  old  rats.  Understanding 
mechanotransduction  pathways  in  bone  cells,  and  how  they  are  influenced  by 
age  and  mechanical  loading  parameters,  may  help  elucidate  the  etiologies  of 
senile  and  disuse  osteopenias. 
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OSCILLATORY  FLOW-INDUCED  PROSTAGLANDIN  E2  RELEASE  INVOLVES  PROTEIN 
KINASE  A  AND  CYCLOOXYGENASE-2  IN  MC3T3-E1  OSTEOBLASTS 
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External  mechanical  loading  of  bone  results  in  a  variety  of  biophysical  signals  that  may  affect  cellular 
metabolism  and  gene  expression.  Recently  one  of  these  physical  signals,  lacunar-canalicular  fluid  flow, 
has  been  shown  to  induce  a  variety  of  physiological  responses  linked  to  bone  maintenance,  including 
increased  paracrine  factor  release  and  gene  transcription  in  vitro.  For  instance,  prostaglandin  E2  (PGE2), 
an  anabolic  agent  in  vivo  that  stimulates  bone  formation,  was  induced  by  steady  and  pulsating  fluid  flow 
in  bone  cells  via  a  mechanism  involving  intracellular  calcium  ([Ca^’^Ji)  signaling.  However,  the 
mechanotransduction  pathways  of  flow-induced  PGE2  production  in  bone  cells  is  still  unclear,  in 
particular  for  oscillatory  flow,  which  occurs  physiologically.  Moreover  the  roles  of  [Ca^"^]!  and 
cyclooxygenase-2  (Cox-2),  an  important  enz3mie  for  PGE2  production,  in  flow-induced  PGE2  production 
are  uncertain.  Therefore,  the  goals  of  this  study  were  to  investigate  the  effects  of  oscillatory  flow  bn  the 
synthesis  of  PGE2  and  Cox-2  mRNA  level,  and  to  elucidate  the  oscillatory  flow-induced  PGE2  signal 
pathways  in  bone  cells.  We  employed  a  parallel  plate  flow  chamber  and  a  servopneumatic  loading  frame 
to  apply  the  desired  sinusoidally  oscillating  flow.  [Ca^^]j  was  monitored  for  3  minutes  after  onset  of  flow. 
PGE2  and  Cox-2  mRNA  level  were  measured  after  one  hour  oscillatory  flow  and  a  one  hour  post¬ 
incubation  period.  Our  results  show  that  oscillating  flow  induced  an  increase  in  [Ca^”^]!  in  59%  of  cells 
which  was  significantly  different  from  no  flow  period  (9%),  and  doubled  the  production  of  PGE2,  while 
elevating  Cox-2  mRNA  levels  by  410%  compared  with  the  no  flow  period.  Suramin,  an  anti-neoplastic 
agent  that  uncouples  G-proteins  from  receptors,  totally  abolished  both  the  flow-induced  [Ca^"^];  and  PGE2 
production,  suggesting  a  role  for  G-protein  coupled  membrane  receptors  in  the  mechanotransduction 
pathway.  Protein  kinase  A  inhibitor  14-22  Amide,  a  highly  specific  inhibitor  of  c AMP-dependent  protein 
kinase,  had  effects  on  both  PGE2  production  and  Cox-2  mRNA  levels,  inhibiting  about  84%  of  the  flow 
induced  PGE2  production  and  lowering  flow-induced  Cox-2  mRNA  levels  by  73%.  These  results 
suggested  a  signal  transduction  pathway  involving  cAMP  and  indicated  that  protein  kinase  A  may  exert 
effects  on  PGE2  production  at  the  expression  level.  The  Cox-2  enzyme  inhibitor  NS-398  blocked  the 
flow-induced  PGE2  response  and  lowered  the  base  level  of  PGE2  production  by  about  502%,  suggesting 
Cox-2  is  critical  for  oscillatory  flow-induced  PGE2  production.  In  contrast,  thapsigargin,  an  inhibitor  of 
the  ATP-dependent  Ca^"^  pump  of  intracellular  stores  which  causes  Ca"^  discharge,  completely  blocked 
the  intracellular  calcium  in  response  to  oscillating  flow,  but  only  had  moderate  effects  on  both  PGE2 
production  and  Cox-2  mRNA  levels,  suggesting  a  partial  requirement  for  intracellular  calcium  release  or 
possibly  the  existence  of  a  non-calcium  dependent  PGE2  stimulatory  pathway.  In  summary,  oscillating 
flow  increased  [Ca^^]i  and  Cox-2  dependent  PGE2  production  in  osteoblastic  cells.  Furthermore,  our  data 
indicate  that  the  PGE2  release  involves  cAMP  and  protein  kinase  A,  and  may  be  influenced  by  [Ca^^]i. 
Finally  our  data  also  suggest  that  activation  of  G-protein  coupled  membrane  receptors  may  be  the 
common  first  step  in  the  mechanotransduction  pathway. 
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Bone  adapts  to  mechanical  loading  and  the  likely  candidates  for  transduction  of  a  mechanical  signal  into  a 
cellular  response  are  bone  cells,  particularly  osteocytes.  Experiments  have  shown  that  physiological  strains 
do  not  induce  responses  in  bone  cells  when  applied  directly.  However  fluid  flow,  which  would  be  induced 
by  loading  in  vivo,  does  produce  responses  such  as  intracellular  calcium  signals  when  applied  to  bone  cells 
in  vitro  (You  et  al.  2000.  J.  Biomechanical  engineering,  In  Press).  The  theoretical  shear  stresses  assumed  to 
be  experienced  by  osteocytes  in  vivo  have  been  calculated  assuming  the  bone  cells  have  a  proteoglycan  rich 
cell  coat  (glycocalyx).  However,  there  is  no  evidence  that  there  is  a  glycocalyx  around  bone  cells  cultured 
in  vitro  or  around  osteocytes  in  vivo,  though  there  is  some  evidence  that  proteoglycans  are  present  in  the 
space  between  the  osteocyte  membrane  and  the  bone  matrix.  Our  long  term  goal  is  to  investigate  the  role  of 
the  glycocalyx  in  the  response  of  bone  cells  in  vitro  to  fluid  flow.  Therefore,  the  purpose  of  this  study  was 
to  characterize  the  glycocalyx  of  cultured  bone  cells  using  lectin  binding  and  alcian  blue  staining 
experiments.  The  osteoblastic  cell  line  MC3T3-E1  and  the  osteocytic  cell  line  MLO-Y4  (kindly  supplied  by 
Dr.  L.  Bonewald,  University  of  Texas  Health  Science  Center)  were  cultured  on  slides  and  fixed  in  3.7% 
formaldehyde,  once  they  had  grown  to  about  80%  confluence.  The  binding  ability  of  three  fluorescently 
labeled  lectins  was  investigated  :  1)  Concanavalin  agglutinin  (Con A),  which  binds  to  Glucose  and 
Mannose,  found  in  hyaluronic  acid  2)  Vicia  Villosa  agglutinin  (VVA)  which  binds  to  N-acetyl-D- 
galactosamine  (GalNac),  found  in  chondroitin  sulphate  and  3)  Wheat  Germ  agglutinin  (WGA)  which  binds 
to  N-acetyl“D-glucosamine  (GlcNac)  and  N-acaetyl  neraminic  acid  (NeuNac)  found  in  hyaluronic  acid  and 
heparin  sulphate.  Either  50  jiig/ml  of  lectin  alone  or  lectin  which  had  been  incubated  for  2  hrs  with  an 
inhibiting  sugar  (Glucose,  GalNac  and  GlcNac  respectively)  was  applied  to  the  cells  for  1  hr.  Alcian  blue 
was  dissolved  in  sodium  acetate  buffer  with  two  different  concentrations  of  magnesium  chloride.  At  low 
concentrations  of  MgCl2  alcian  blue  should  stain  all  proteoglycans  (due  to  their  weak  negative  charge),  but 
at  high  concentrations  (>0.2M)  it  stains  only  highly  negatively  charged  proteoglycans  such  as  the  sulphated 
proteoglycans.  Alcian  blue  was  applied  to  the  slides  overnight.  MC3T3-E1  cells  and  MLO-Y4  cells 
exhibited  the  same  staining  patterns,  indicating  that  osteoblasts  and  osteocytes  may  synthesis  a  similar  type 
of  glycocalyx.  Lectin  binding  was  greatest  with  Con  A  and  weakest  with  VVA  all  binding  was  reduced  by 
the  addition  of  the  inhibiting  sugar,  greatest  inhibition  was  seen  with  WGA.  Alcian  Blue  stained  very  well 
at  the  low  concentration  of  MgCl2,  but  not  at  all  at  the  high  concentration.  Taken  together  these  results 
show  that  bone  cells  have  a  glycocalyx  rich  in  Glucose  and  GlcNac,  probably  containing  hyaluronic  acid 
and  with  little  if  any  sulphated  proteoglycans  present.  Although  this  contradicts  data  showing  sulphated 
proteoglycans  around  osteocytes  in  bone,  it  agrees  with  the  hypothesized  model  of  an  endothelial-like 
glycocalyx  consisting  of  long  hyaluronic  acid  chains.  This  information  can  be  used  to  manipulate  the  bone 
cell  glycocalyx  for  fluid  flow  studies  in  order  to  better  understand  the  role  of  fluid  flow  in  bone  cell 
mechanotransduction.  This  work  was  supported  by  NIH  grants  AR45989  and  AG13087,  US  Army  Medical 
Research  and  Material  Command  award  no.DAMD  17-98- 1-8509  and  the  Whitaker  Foundation 
FIGURES:  1:  Light  microscope  image  of  staining  of  the  glycocalyx  of  MLO-Y4  cells  with  alcian  blue  at 
O.IM  MgCL  (A)  and  the  absence  of  staining  at  0.5  M  MgCl2  (B).  2:  Fluorescent  microscope  image  of 
MC3T3-E1  cells  after  application  of  FITC  labeled  ConA  lectin  (A)  and  the  reduced  binding  when  the 
inhibiting  sugar  was  present  (B)  (field  of  view  1mm  wide). 
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INTRODUCTION 

Recently  lacunar-canalicular  fluid  flow  has  been  shown  to  induce  a  variety  of 
physiological  responses  linked  to  bone  maintenance,  including  increased 
paracrine  factor  release  and  gene  transcription  in  vitro  (1).  For  instance, 
prostaglandin  E2  (PGE2),  an  anabolic  agent  in  vivo  that  stimulates  bone 
formation,  was  induced  by  steady  and  pulsating  (2)  fluid  flow  in  bone  cells  via 
a  mechanism  involving  intracellular  calcium  signaling.  However,  the 
mechanotransduction  pathways  of  flow-induced  PGE2  production  in  bone  cells 
is  still  unclear,  in  particular  for  oscillatory  flow,  which  occurs  physiologically. 
Moreover  the  role  of  cyclooxygenase-2  (Cox-2),  an  important  enzyme  for 
PGE2  production,  in  flow-induced  PGE2  production  is  uncertain.  Therefore, 
the  first  goal  of  this  study  was  to  investigate  the  effects  of  oscillatory  flow  on 
the  synthesis  of  PGE2  and  Cox-2  mRNA  level.  The  second  goal  of  the  study 
was  to  elucidate  the  oscillatory  flow-induced  PGE2  signal  pathways  in  bone 
cells. 

METHODS 

Cell  culture  and  fluid  flow  chamber:  The  mouse  osteoblastic  cell  line  MC3T3- 
E1  was  cultured  in  a-MEM  containing  10%  FBS  and  maintained  in  5%  CO2 
at  37°C.  The  fluid  flow  chamber  employed  in  this  study  is  a  parallel  plate 
design.  A  flow  delivery  device  generated  IHz  sinusoidally  oscillating  flow 
(peak  shear  stress  2N/m‘)  (3).  Medium  PGET^measurement:  Confluent  cells 
cultured  for  2  days  on  glass  slides  were  exposed  to  oscillatory  fluid  flow  (a- 
MEM,  2%  FBS)  for  1  hour  in  the  flow  chamber,  then  incubated  for  one  hour 
in  10  ml  fresh  medium  (a-MEM,  2%  FBS).  PGE2was  then  quantified  using  a 
nonradioactive  enzyme  immunoassay  system  (Amersham).  PGE2  levels  were 
normalized  to  total  protein.  Cox-2  mRNA  Analysis:  Quantitative  real-time 
RT-PCR  was  employed  to  quantify  changes  in  steady-state  Cox-2  mRNA 
levels.  Cox-2  mRNA  levels  were  measured  after  one  hour  oscillatory  flow 
and  one  hour  post-incubation.  Pharmacological  agents:  The  effects  of  fluid 
flow  on  PGE2  production  and  Cox-2  mRNA  levels  were  examined  in  the 
presence  of  the  following  pharmacological  agents.  Suramin  (Sura.)  is  an  anti¬ 
neoplastic  agent  that  uncouples  G-proteins  from  receptors  presumably  by 
blocking  the  interaction  with  intracellular  receptor  domains.  Thapsigargin 
(Thap.)  inhibits  the  ATP-dependent  Ca^^  pump  of  intracellular  stores  and 
causes  Ca^^  discharge.  Protein  Kinase  A  Inhibitor  14-22  Amide  (PKAl)  is  a 
highly  specific  inhibitor  of  cAMP-dependent  protein  kinase  (PKA).  NS-398 
(NS)  is  a  selective  inhibitor  of  Cox-2.  Cells  were  exposed  to  these  agents 
before  (45  min),  during  and  after  the  flow  period, 

RESULTS 

Oscillating  flow  doubled  the  production  of  PGE2,  while  elevating  Cox-2 
mRNA  levels  by  410%  for  the  control  case  (no  pharmacological  agent 
present,  figure  1).  Suramin  (lOOpM)  totally  abolished  the  flow-induced  PGE2 
production.  Protein  kinase  A  inhibitor  14-22  Amide  (IpM)  had  effects  on 
both  PGE2  production  and  Cox-2  mRNA  levels,  inhibiting  about  84%  of  the 
flow  induced  PGE2  production  and  lowering  flow-induced  Cox-2  mRNA 
levels  by  73%.  The  Cox-2  enzyme  inhibitor  NS-398  (20pM)  blocked  the 
flow-induced  PGE2  response  and  lowered  the  base  level  of  PGE2  production 
by  about  502%.  In  contrast,  thapsigargin  (50nM)  had  only  moderate  effects  on 
both  PGE2  production  and  Cox-2  mRNA  levels,  inhibiting  by  26%  and  29% 
respectively. 

DISCUSSION 

We  have  shown  that  oscillating  flow  increased  PGE2  production  and  Cox-2 
mRNA  levels  in  MC3T3-EI  osteoblastic  cells.  The  NS-398  data  suggest  that 
Cox-2  is  critical  for  oscillatory  flow-induced  PGE2  production.  Suramin 
completely  abolished  flow-induced  PGE2  production,  suggesting  a  role  for  G- 
protein  coupled  membrane  receptors  in  the  mechanotransduction  pathway. 
PKAI  substantially  inhibited  PGE2  production  in  response  to  oscillatory  flow, 
suggesting  a  signal  transduction  pathway  involving  cAMP.  PKAI  also 


decreased  Cox-2  mRNA  levels  indicating  that  protein  kinase  A  may  exert 
effects  on  PGE2  production  at  the  expression  level.  Previously,  we  have 
shown  that  thapsigargin  completely  blocks  the  intracellular  calcium  in 
response  to  oscillating  flow  (1).  Thapsigargin  moderately  inhibited  flow- 
induced  PGEi  production  suggesting  a  partial  requirement  for  intracellular 
calcium  release  or  possibly  the  existence  of  a  non-calcium  dependent  PGE2 
stimulatory  pathway. 


Cont.  Thap.  PKAI 

Figure  1.  The  effects  of  different  pharmacological  agents  on  PGE2  production 
(A)  and  Cox-2  mRNA  levels  (B)  in  response  to  oscillating  flow.  Control  was 
no  pharmacological  agent  present.  All  results  represent  the  mean  ±  stand 
error  of  at  least  three  independent  experiments.  A  one-way  ANOVA  was  used 
to  examine  differences  between  no  flow  and  flow.  *p<0.05,  **p<0.0], 

***p<0.00}. 

In  summary,  oscillating  flow  induced  Cox-2  dependent  PGE2  production  in 
osteoblastic  cells.  Furthermore,  our  data  indicate  that  the  PGE2  release 
involves  cAMP  and  protein  kinase  A,  and  may  be  influenced  by  intracellular 
calcium.  Finally  our  data  also  suggest  that  activation  of  G-protein  coupled 
membrane  receptors  may  be  the  common  first  step  in  the 
mechanotransduction  pathway, 
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INTRODUCTION: 

Fluid  flow  in  bone  is  a  likely  candidate  for  the  mechanical  signal  with  which 
osteocytes  in  vivo  detect  load.  It  is  known  that  bone  cells  will  respond  to  fluid 
flow  with  a  variety  of  signalling  and  metabolic  events  (1,2,3, 4).  One  of  the 
first  responses  to  occur  in  bone  cells  studied  in  vitro  is  a  rapid  increase  in 
intracellular  calcium  (Ca""^),  which  is  essential  for  further  downstream  events 
(4).  The  purpose  of  this  study  was  to  define  the  source  of  this  Ca""^  signal,  in 
terms  of  the  membrane  and  intracellular  channels  and  pathways  involved. 
Since  the  cellular  response  may  be  sensitive  to  the  type  of  flow  stimulus,  we 
studied  the  response  to  ocillating  fluid  flow,  which  best  approximates  habitual 
load  induced  fluid  flow  that  occurs  in  vivo. 

METHODS: 

MC3T3-E1  cells  (mouse  calvarial  osteoblast-like  cells)  were  plated  onto 
quartz  slides  and  grown  for  2  days  until  they  reached  about  80%  confluency  in 
a  MEM  supplemented  with  10%  FBS  and  2%  penicillin  and  streptomycin. 
Prior  to  mounting  in  the  flow  chamber  cells  were  incubated  with  10  |xM 
Fura2-AM  which  is  an  indicator  of  Ca""^  concentration  ([Ca""^]),  for  45 
minutes.  The  slides  were  mounted  in  a  parallel  plate  flow  chamber  as 
previously  described  (3).  Cells  were  placed  in  the  chamber  in  flow  media  (a 
MEM  with  2%  FBS  plus  additions  as  described  in  table  1)  for  30  minutes 
prior  to  flow.  A  variety  of  drugs  that  are  known  to  block  specific  Ca"* 
channels  or  signaling  pathways  were  added  to  the  flow  media  as  shown  in 
table  1.  For  analysis,  vehicle  (ethanol  added)  controls  were  combined  with 
media  only  controls,  as  no  significant  effect  of  vehicle  was  noted  (Student’s  t- 
test).  The  flow  regime  applied  was  1  Hz  oscillating  flow  using  a  sinusoidal 
waveform  at  18  mls/min,  which  gives  2  Pa  peak  shear  stress.  Images  of  a 
selected  field  of  view  were  collected  every  3  seconds  for  3  minutes  without 
flow  and  for  3  minutes  during  flow.  Image  acquisition  and  analysis  software 
(Metafluor,  Universal  imaging,  West  Chester,  PA)  was  used  to  capture  and 
convert  fluorescent  signals  into  real  time  [Ca“'^]  values.  A  cell  was  considered 
to  show  an  increase  in  [Ca"T  when  a  [Ca""^]  change  was  over  2  x  the  baseline, 
where  baseline  was  the  mean  of  the  [Ca'"^]  fluctuations  seen  in  the  no  flow 
controls.  Baseline  was  recalculated  each  day  as  significant  variation  between 
days  was  noted  (all  experiments  were  performed  over  at  least  two  days  with 
two  different  passages  of  cells).  The  fraction  of  cells  exhibiting  a  [Ca""^] 
increase  was  calculated  for  each  slide.  The  number  of  cells  exhibiting  an 
increase  after  the  initiation  of  flow  was  normalized  by  subtracting  the  number 
of  cells  exhibiting  an  increase  before  flow  and  dividing  by  the  total  number  of 
cells.  A  two  way  ANOVA  was  used  to  examine  differences  between  control 
and  treated  in  the  normalized  percentage  of  cells  responding  to  flow  with  the 
other  factor  being  the  day  on  which  the  experiment  was  performed. 

Table  1:  Drugs,  the  concentrations  at  which  they  were  used,  their  expected 
effect  on  Ca"^  pathways  and  the  type  of  control  treatment  used.  The  numbers 
of  slides  (S)  and  cells  (C)  used  for  each  experiment  are  shown  (treated  top  and 
control  bottom). 


Drug 

Cone. 

Expected  action 

Controls 

N 

(S) 

N 

(C) 

Nifedipine 

20  pM 

Blocks  membrane  L- 

Media  only  or 

8 

340 

type  voltage  channels 

with  1  %  ethanol 

8 

418 

Neomycin 

lOmM 

Inhibits  IP3  pathway  and 

Media  only 

8 

277 

L-type  voltage  channels 

7 

254 

U  73122 

5mM 

Inhibits  formation  of  IP3 

Inert  isoform 

9 

781 

drug,  U73343 

8 

794 

Ryanodine 

1  pM 

Holds  open  ryanodine 

Media  only  or 

10  1 

258 

sensitive  channels 

with  1%  ethanol 

12 

504 

Ryanodine 

20  pM 

Blocks  ryanodine 

Media  only  or 

10 

258 

sensitive  channels 

with  1%  ethanol 

10 

415 

RESULTS: 

Figure  1:  The  mean  (with  standard  error  bars)  of  the  Ca""^  response  to 
oscillating  fluid  flow  expressed  as  %  increase  compared  to  the  no-flow 
situation.  Numbers  of  slides  and  cells  as  in  table  1.  *p  <  0.05,  **p<0.01, 
***p<0.005,  for  two  way  ANOVA  on  treated  compared  with  controls  for  each 
experiment. 


Ea  controls 


nifedipine  ryanodine  ryanodine  neomycin  U73122 

l  tiM  20  nM 


All  the  drugs  used  had  some  effect  on  the  [Ca""^]  increase.  Nifedipine  reduced 
the  number  of  cells  exhibiting  an  increase  to  near  no-flow  levels  indicating 
that  a  response  does  not  occur  when  the  L-type  voltage  channel  is  blocked. 
Ryanodine,  at  levels  in  which  the  channel  would  remain  open  and  Ca"^  could 
be  lost  from  the  internal  store,  and  at  levels  which  should  block  the  channel, 
reduced  the  number  of  cells  showing  a  [Ca""^]  increase.  U73122  which  inhibits 
the  production  of  IP3  by  its  action  on  Phospholipase  C  (PLC)  and  therefore 
Ca""^  release  from  IP3  sensitive  stores,  greatly  reduced  the  number  of  cells 
responding  compared  to  the  control  (the  isoform  drug  U73343  which  binds  to 
PLC  but  does  not  inhibit  its  activity).  Neomycin  also  inhibits  the  PLC/  IP3 
pathway,  and  has  some  inhibitory  effect  on  the  L-type  voltage  channel. 
Neomycin  reduced  the  Ca""^  response  to  close  to  no-flow  levels. 
DISCUSSION; 

These  data  suggest  that  the  L-type  voltage  sensitive  Ca""^  channel  is  involved 
in  the  intracellular  Ca'"^  response  of  MC3T3  cells  to  oscillating  fluid  flow. 
This  is  interesting  in  the  light  of  previous  data  from  our  laboratory  showing 
that  the  stretch  activated  membrane  channel  is  not  involved  (4).  In  contrast  the 
L-type  channel  was  not  necessary  for  a  Ca""^  response  to  steady  flow  in 
primary  rat  calvarial  cells  (2).  The  reduction  in  Ca"'^  response  when  the  IP3 
pathway  is  blocked  has  also  been  shown  to  occur  in  steady  flow  (1,2)  and 
supports  a  hypothesis  that  the  internal  IP3  sensitive  stores  are  one  of  the 
sources  of  Ca“'^  in  the  response  to  fluid-flow  by  bone  cells.  Ryanodine 
sensitive  channels  have  not  previously  been  shown  to  be  involved  in  bone  cell 
fluid  flow  responses.  The  partial  reduction  in  Ca”'^  response  with  ryanodine 
treatment  indicates  that  ryanodine  sensitive  stores  may  also  be  a  source  of 
intracellular  Ca""^.  In  summary:  we  have  shown  that  that  the  increase  in 
intracellular  [Ca""^]  seen  in  MC3T3-E1  osteoblast-like  cells  after  stimulation 
with  oscillating  fluid  flow  is  due  to  extracellular  Ca”"^  entering  through  L-type 
voltage  sensitive  Ca""^  channels  and  Ca""^  release  from  internal  stores, 
primarily  the  IP3  sensitive  store. 
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INTRODUCTION: 

It  has  been  hypothesized  that  bone  cells  in  vivo  have  a  glycocalyx  (cell  coat) 
composed  of  hyaluronic  acid  chains  and  other  proteoglycans  and  that  this 
glycocalyx  causes  fluid  flow  induced  shear  stresses  around  bone  cells  in  the 
range  of  6-30  Pa  (6).  This  value  corresponds  to  the  fluid  shear  stresses  at 
which  signaling  and  endocrine  responses  are  observed  in  in  vitro  bone  cell 
cultures  (1,3).  An  initial,  rapid  response  to  fluid  flow  is  an  increase  in 
intracellular  calcium  (Ca”"),  which  is  important  for  further  downstream 
responses  (7).  There  is  some  evidence  that  there  are  proteoglycans  present  in 
the  space  between  osteocytes  and  the  bone  matrix  (5),  but  as  of  yet  no 
evidence  specifically  for  a  glycocalyx,  or  its  composition  has  been  shown.  We 
used  alcian  blue  staining  to  characterize  the  glycocalyx  of  cultured 
MC  3T3-E1  osteoblast-like  cells.  We  also  examined  whether  an  enzyme 
which  specifically  breaks  down  hyaluronic  acid  would  affect  the  calcium 
response  of  these  cells  to  oscillating  fluid  flow. 

METHODS: 

Characterization  of  the  glycocalyx: 

MC3T3-E1  cells  (mouse  calvarial  osteoblast-like  cells)  were  plated  onto 
quartz  slides  and  grown  for  2  days  until  they  reached  about  80%  confluence  in 
a  MEM  supplemented  with  10%  FBS  and  2%  penicillin  and  streptomycin. 
These  cells  were  chosen  because  they  have  been  widely  used  in  this  lab  and 
others  to  examine  bone  cells  responses  to  fluid  flow.  Cells  were  stained  in 
alcian  blue  using  the  critical  electrolyte  concentration  method  (4).  Cells  were 
fixed  in  3.7%  formaldehyde  in  PBS  and  stained  in  0.2%  alcian  blue  in  .025  M 
sodium  acetate  buffer  with  either  0.1  M  or  0.5M  Magnesium  chloride.  In  a 
low  molarity  solution  of  electrolyte  (<0.2  M  MgCL)  all  negatively  charged 
proteoglycans  are  expected  to  be  labeled,  including  hyaluronic  acid,  whereas 
at  high  concentrations  (>0.2M  MgCL)  only  highly  negatively  charged  groups 
such  as  the  sulphated  proteoglycans  will  be  labeled. 

Calcium  response  to  fluid  flow: 

MC3T3-E1  cells  grown  in  the  same  way  as  for  glycocalyx  characterization 
were  treated  with  either  46  U/ml  of  the  enzyme  hyaluronate  lyase 
(hyaluronidase)  from  streptomyces  hyaluronlyticus  dissolved  in  PBS  (pH  6.8) 
or  with  PBS  only.  6mls  of  PBS  or  PBS  plus  enzyme  was  added  to  the  slides  in 
a  petri  dish  and  the  dish  was  agitated  in  a  water  bath  at  37®C  for  30  mins. 
After  enzyme  or  control  treatment  cells  were  rinsed  in  a  MEM  and  incubated 
with  10  pM  Fura  2AM,  an  intracellular  calcium  concentration  indicator,  for 
45  minutes.  The  slides  were  mounted  in  a  parallel  plate  flow  chamber  (3). 
Cells  were  placed  in  the  chamber  in  flow  media  (a  MEM  plus  2%  FBS)  for  30 
minutes  prior  to  flow.  The  flow  regime  induced  was  1  Hz  oscillating  flow 
using  a  sinusoidal  waveform  at  18  mls/min,  which  gives  20  Pa  peak  shear 
stress.  Images  of  a  selected  field  of  view  were  collected  every  3  seconds  for  3 
minutes  without  flow  and  for  3  minutes  during  flow.  Image  acquisition  and 
analysis  software  (Metafluor,  Universal  imaging,  West  Chester,  PA)  was  used 
to  capture  and  convert  fluorescent  signals  into  real  time  calcium  values.  A 
calcium  increase  was  considered  to  be  a  change  over  2  times  the  baseline 
where  baseline  was  the  mean  of  the  calcium  changes  seen  in  the  no  flow 
controls.  A  cell  exhibiting  such  an  increase  was  considered  to  be  a 
‘responding  cell’.  6  slides  were  examined  for  each  group,  328  control  cells 
and  356  enzyme  treated  cells  with  the  experiments  being  run  over  2  days. 
RESULTS: 

Figures  la  and  lb  show  MC3T3-EI  cells  stained  in  alcian  blue  at  the  two 
concentrations  of  MgCL.  The  cells  stain  very  well  at  the  low  concentration 
and  barely  at  all  at  the  higher  concentration.  The  enzyme  treated  cells  respond 
less  well  to  oscillating  fluid  flow  compared  to  controls  (Figure  2).  In  the  no 
flow  case  9.8%  of  controls  exhibit  calcium  increases  compared  to  5.8%  of 


hyaluronidase  treated  cells.  During  the  oscillating  fluid  flow  period  41.2%  of 
controls  exhibit  an  increase  compared  to  27%  of  treated  cells.  A  z  statistic  for 
proportions  was  used  to  compare  the  proportion  of  cells  responding  to  fluid 
flow  between  the  two  groups  (2)  p<0.01. 

Figure  1:  MC3T3  cells  stained  in  alcian  blue  at  0.1  M  MgCL  (A)  and  0.5M 
MgCL  (B).  Note  that  the  cells  in  A  are  more  darkly  stained  than  in  B 
indicating  the  presence  of  negatively  charged  carboxylated  proteoglycans  but 
not  more  highly  negatively  charged  sulphated  proteoglycans.  (Field  of  view 
Imm  wide). 


Figure  2:  Fraction  of  cells  exhibiting  a  calcium  increase  over  2  x  baseline, 
during  the  no-flow  and  flow  periods  for  the  control  and  enzyme  treated  groups 
(error  bars  are  standard  errors  of  proportion),  *  p<0.01. 


DISCUSSION: 

We  have  shown  that  cultured  osteoblast-like  cells  have  a  coating  that  stains 
well  in  alcian  blue  at  low  electrolyte  concentration  but  not  at  high 
concentrations,  this  strongly  suggests  that  bone  cells  have  a  glycocalyx  rich  in 
carboxylated  proteoglycans  one  of  which  may  be  hyaluronic  acid.  We 
proceeded  to  manipulate  the  glycocalyx  using  an  enzyme  which  would  break 
down  hyaluronic  acid  and  found  that  the  number  of  cells  responding  to 
oscillating  fluid  flow  with  an  increase  in  intracellular  calcium  was  reduced. 
This  is  the  is  the  first  piece  of  experimental  evidence  that  supports  the 
hypothesis  that  a  hyaluronic  acid  rich  cell  glycocalyx  is  present  around  bone 
cells  and  that  it  contributes  to  bone  cell  mechanotransduction. 
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Previous  studies  have  shown  that  neutrophil  adhesion  to  endothelial  cells  (EC.s) 
exposed  to  hypoxia  followed  by  reoxygenation  (H/R)  is  greatly  enhanced,  due  to 
production  of  reactive  oxygen  .species  (ROS),  activation  of  nuclear  factor  (NF)-kB 
and  upregulalion  of  EC  adhesion  molecules.  We  examined  the  adhesion  of 
monocytic  U9.77  cells  under  flow  conditions  ( 1  dyne/cm2)  to  cultured  HUVECs 
subjected  to  H/R  (Ih  hypoxia/13h  reoxygenaiion).  Video  microscopy  and  a 
parallel-plate  flow  sy.stem  were  used  to  measure  monocyte-EC  adhesive 
interactions  (tethering,  rolling,  stable  adhesion).  The  number  of  total  interactions 
was  signilicantly  greater  {2.5-fold}  after  H/R.  compared  to  normoxic  controls. 
Either  EC  pretreatmeni  with  the  antioxidant  pyrrolidine  dilhiocarbamate  (PDTC),  a 
.selective  NF-kB  inhibitor,  or  adenoviral-mediated  gene  transfer  of  a  dominant 
negative  Rac-1  gene  product  (Ad.RaclNl?)  significantly  decreased  the  H/ 
R-induced  cell  rolling  and  .stable  adhesion.  Since  VCAM-I  is  a  major  EC  receptor 
for  monocyte  adhesion,  we  examined  VCAM-1  expression  by  whole  cell  ELISA. 
While  H/R  significantly  upregulated  VCAM-1,  both  PDTC  and  Ad.RaclNl? 
effectively  inhibited  VfTAM-l  expres.sion.  In  summary:  (a)  H/Rtreated  ECs  can 
support  all  Stages  of  adhesion  of  flowing  monocytes;  (b)  Rac-1  activation  and 
production  of  ROS  are  crucial  in  regulating  VCAM-1  expression  and,  hence, 
monocyte  adhesion  to  EC.s. 
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The  Role  of  VLA-4/VCAM-1  in  Sickle  Red  Blood  Cell-Endothelium 
Interactions 
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Vaso-occlusive  crises  in  sickle  cell  disease  may  be  initiated  by  a  number  of 
adhesive  interactions  between  sickle  erythrocytes  (SS  RBC)  and  the  microvascular 
endothelium  of  posi-capillar\  venules.  We  are  currently  examining  the  iniegrin 
a4bl .  also  known  as  very  late  activation  antigcn-4  (VLA-4),  which  is  expres.sed  on 
a  subpopulation  of  sickle  erythrocytes.  VLA4  forms  a  ligand  pair  with  vascular  cell 
adhesion  molecule- 1  (VC.AM-1).  which  is  present  on  activated  endothelial  cells 
and  is  upregulated  by  the  inf1amniaior\'  cytokine,  tumor  necrosis  factor  (TNF-a). 
VLA-4  interactions  with  VCAM-!  may  be  important  targets  for  therapeutic 
miervention  in  sickle  cell  disea.se. 

We  have  found  that  a  multidisciplinary  approach  involving  complementary  in  vitro 
and  ex  vivo  experimental  systems  is  effective  in  providing  a  more  complete 
understanding  of  factors  contributing  to  sickle  va.so-occlu.sion.  Using  a  parallel 
plate  flow  adhesion  assay,  we  investigated  SSRBC  adhesion  under  venous  shear 
conditions  (1  dyne/cni2)  to  four  cultured  endothelial  cell  lines;  murine 
microvasculature  (brain  and  lung)  and  human  dermal  microva.sculature  (MDEC) 
and  human  large  ve.ssel  (HUVEC).  Using  a  novel  intravital  microscopy  technique, 
we  examined  SS  RBC  adhesion  within  the  microcirculation  of  skull  bone  marrow 
of  nonnal  and  transgenic  sickle  cell  mice  under  physiologic  flow.  Results  from 
these  investigations  demonstrating  sickle  cell-endothelial  interactions  mediated  by 
the  adhesive  receptor  combination  VLA-4/VCAM-1  will  be  pre.sented. 
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Fluid  mechanical  factors  are  thought  to  influence  va.scuiar  morphogenesis.  Here  the 
author  shows  how  blood  shear  stress  regulates  the  shape  of  a  neoinlima-like  tissue 
around  a  polymer  micro-cylinder  implanted  in  the  rat  vena  cava  through  the  vessel 
center  with  its  axis  perpendicular  to  blood  flow.  In  such  a  model,  the  micro-cylinder 
is  exposed  to  a  laminar  flow  with  a  known  shear  stress  field  in  the  leading  region 
and  a  vonex  flow  in  the  trailing  region.  At  1,5.  10,  20,  and  30  days  after 
implantation,  it  was  found  that  the  micro-cylinder  was  encapsulated  by  a 
neointima-like  structure  with  a  streamlined  body  profile.  The  highest  growth  rate  of 
the  neoinlimalike  tissue  was  found  at  the  leading  and  trailing  stagnation  points  of 
the  micro-cylinder.  Blood  .shear  stress  in  the  leading  laminar  flow  region  was 
inversely  correlated  with  the  rate  of  neoinlima!  growth,  the  rate  of  cell  proliferation, 
and  the  rale  of  smooth  muscle  cell  (SMC)  aclin  filament  formation.  These  rates 
were  significantly  higher  in  the  trailing  vonex  flow  region  than  those  in  the  leading 
laminar  flow  region.  An  elimination  of  blood  flow  led  to  a  rapid  formation  of  an 
irregular  thrombus-like  structure  around  the  micro-cylinder,  followed  by  vessel 
occlusion  within  I  day  after  surgery’-  These  results  suggest  that  blood  shear  stress 
regulates  the  shape  of  the  neointima-like  structure.  The  formation  of  a  streamlined 
neoimimal  structure  is  possibly  to  reduce  drag  due  to  vortex  blood  flow. 


T7.45 

Prostaglandin  (PfwE^)  Response  In  MC3T3-E1  Osteoblastic  Cells  is 
Dependent  Upon  (iap  Junction  Coupling 

Mamie  Saunders',  Jun  You',  James  TroskoL  Hiroshi  Yamasaki'.  Henry  Donahue', 
Christopher  Jacobs' 

'Pennsylvania  Slate  University,  College  of  Medicine,  Orthopaedic.s  and 
Rehabilitaiton.  Hershey,  PA,  “Michigan  Slate  University.  Pediatrics/Human 
Development  Department.  College  of  Human  Medicine,  East  Lansing,  Michigan, 
■'Kwansei  Gakuin  University,  Uegahava,  Nishinomiya,  Japan 

Fluid  flow  has  been  demonstrated  to  be  a  potent  stimulator  of  bone  cell  activity  in 
vitro  suggesting  a  mechanotransduction  role.  Although  the  specific  manner  in 
which  the  biophysical  signal  is  transduced  is  unknown,  it  is  possible  that  gap 
junctions  play  a  pivotal  role.  Gap  junctions,  which  physically  link  neighboring 
cells,  may  allow  cells  to  respond  in  concert  to  a  stimuli  thereby  amplifying  the 
ensemble  response.  We  exposed  osieobla.stic  cells  to  oscillatory  fluid  flow  and 
quantified  PGE2  production;  in  simultaneous  experiments,  gap  junction  coupling 
(GJC)  was  quantified.  Osteoblastic  MC3T3-E1  cells  and  a  MC3T3-E1  cell  line 
transfected  with  a  dominant/negative  Cx43  exhibiting  reduced  GJC  (DN-8)  were 
utilized.  Cells  were  subjected  to  fluid  flow  for  Ihour  at  20dyne/cm“  utilizing  a 
sinusoidal  waveform  at  IHz.  Following  fluid  flow,  media  was  collected  for  PGEt 
quantification  and  normalized  to  protein.  GJC  was  quantified  using  fluorescent  dye 
transfer.  We  found  that  the  DN-8  cell  line,  exhibiting  a  75%  reduction  in  coupling, 
showed  no  response  to  fluid  flow  in  contrast  to  the  MC3T3-E1  which  exhibited 
extensive  coupling  and  a  115%  increase  in  PGEi.  Results  were  statistically 
significant  and  demonstrate  that  GJC  in  osteoblastic  cell  lines  is  a  strong  regulator 
of  PGEt  production  in  response  to  oscillatory  fluid  flow, 
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Neutrophil  Morphological  Regulation  of  Selectin  Binding  in  Shear  Flow 
Eric  Park.  McRae  Smith.  Michael  Lawrence 

University  of  Virginia.  Biomedical  Engineering.  Charlottesville.  VA 

It  i.s  known  that  the  kinetics  of  the  receptor-ligand  bond  perform  an  imponani  role 
in  regulating  cel!  adhesion  for  various  physiological  phenomena.  We  have 
developed  a  cell-free  system  that  excludes  the  involvement  of  cellular  properties 
(i.e.  cell  deformabiiity  and  microvillus  .stretching)  in  the  regulation  of  selcclin  bond 
lifetimes.  PSGL-1  coated  polystyrene  microspheres  were  perfused  over  a  P-.selectin 
substrate  in  a  parallel-plate  flow  chamber  (1(X)  sites/^tm2;  0.1 -I  dyn/cm2  wall 
shear  stress).  Analysis  of  the  P-.selectin/PSGL- 1  interactions  showed  that  the 
kinetics  of  the  bead  dissociation  were  similar  in  magnitude  to  those  of  neutrophil 
interactions  on  P-seleclin  at  25  site.s//am2  or  less.  Differences  that  existed  between 
the  microbead  and  neutrophil  estimates  of  P-.selectin  dissociation  constants  varied 
with  force,  and  may  be  due  to  the  existence  on  the  neutrophil  of  an  elastic 
microvillus.  Microvilli  of  neutrophils  adhering  at  a  wall  shear  stress  of  0.6  dyn/cm2 
(force/bond  (Fb)  =  72  pN)  are  estimated  to  be  approximately  0.3  im  and  increased 
to  1,58  fjLtn  at  2  dyn/cm2.  A  vi.scoeiastic  model  was  employed  to  evaluate  the 
microvillus  mechanical  properties.  We  conclude  that  microvillus  extension  plays  a 
significant  role  in  maintaining  the  adhesive  interactions  between  neutrophils  and 
endothelial  cells.  Work  supported  by  NIH  HL54614  and  AHA  9940026N. 


T7.47 

Leukocyte  Rolling  and  Deformation  on  P-selectin  in  Whole  Blood 
David  Schmidtke,  Scott  Diamond  L. 

University  of  Pennsylvania.  Chemical  Engineering,  Philadelphia,  PA 

Leukocyte  adhesion  to  the  vessel  wall  is  a  key  step  in  the  processes  of  inflammation 
and  thrombosis.  The  initial  adhesion  and  subsequent  rolling  is  mediated  by  the 
selectins.  Due  to  poor  penetration  of  light  in  whole  blood,  conventional  in  vitro 
flow  assays  have  studied  the  initial  adhesive  events  with  isolated  leukocytes 
suspended  in  saline.  Thus  ignoring  the  presence  and  influence  of  red  blood  cells 
(RBCs)  on  the  fluid  viscosity  and  spatial  distribution  of  cells,  both  of  which  will 
influence  the  adhesion  process.  In  part,  this  i.s  the  cause  of  known  discrepancies 
between  in  vitro  and  in  vivo  .studies.  In  contrast,  in  vitro  assays  involving 
fluorescentiy  labeled  cells  in  whole  blood  suffer  from  poor  resolution  of  the  cell 
suriace.  To  overcome  ihc.se  difficulties  we  have  used  a  microslide  flow  chamber 
which  allowed  us  to  do  dual  oil-immersion  differentia!  interference  contrast  (DIC) 
microscopy  of  leukocyte  adhesion  to  P-selectin  in  whole  blood.  Using  this 
technique  we  examined  the  effect  of  RBCs  on  leukocyte  adhesion,  rolling,  and 
deformation.  This  data  helps  resolve  the  differences  between  in  vitro  vs  in  vivo 
.studies. 
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IL-8  Dose  and  ICAM-1  Site  Density  Determine  the  Dynamics  (jf  Neutrophil 
Adhesion  Under  Fluid  Shear 
Aaron  Lum,  Scott  Simon 

University  of  California.  Davis.  Biomedical  Engineering.  College  ot  Engineering, 
Davis.  CA 

Neutrophil  (PMN)  emigration  at  regions  of  inflammation  involves  chemotactic 
activation  that  leads  to  adhesion  via  /32-integrins  binding  to  endothelial  expres.sed 
iCAM-1.  Interleukin-8  (lL-8)  binds  to  its  receptor  with  Kd  ~  1  nM  and  activates 
this  adhesion  process.  Flow  cytometry  was  used  to  measure  the  kinetics  of 
neutrophil  adhesion  to  fluorescent  latex  microspheres  ll/im)  derivitized  with 
recombinant  ICAM-1 -Ig.  We  examined  the  relationship  between  the  dose  of  IL-8 
stimulation  and  the  rate  and  extent  of  bead  capture  under  fluid  shear.  Onset  of 
adhesion  was  detected  at  50  pM  of  IL8.  as  few  as  10  IL-8  receptors/PMN.  A  boost 
in  the  capture  rate  peaked  within  seconds  of  addition  of  IL-8.  and  plateaued  by  —5 
minutes.  Optimal  adhesion  to  ICAM-1  required  expression  of  both  LFA-1  and 
Mac- 1,  subunits  of  ^2-integrin.  However,  LFA-1  alone  supported  the  boost  in 
microsphere  capture.  An  ICAM-I  site  density  ot  ~300/^m  2  supported  optimal 

bead  capture,  which  decreased  by  50%  at  ~60/yum  2  ICAM-1  .  The  rate  and  extent 
of  bead  capture  appeared  to  decrease  nonlinearly  with  the  site  density  of  ICAM-1. 
LFA- 1  is  essential  for  capture  of  ICAM- 1 ,  whereas  Mac- 1  is  involved  In  stabilizing 
adhesion. 


Appendix  14 

T7.5I 

The  EITccts  of  Non-Linear  Flow  on  Cell  Aggregation  :  Role  of  Spatial  and 
Temporal  Variations  in  Inter-Particle  Force.s 
Harish  Shankaran.  Sriram  Neelamegham 

Stale  University  of  New  York  at  Buffalo.  Chemical  Engineering.  Engineering  and 
Applied  Sciences.  Buffalo.  NY 

Cone-plate  vi.scomelry  is  used  extensively  to  study  platelet  and  neutrophil 
aggregation  kinetics.  At  high  shear  rates  in  the  viscometer,  centrifugal  forces  result 
in  radial  motion  of  the  liquid  and  hence  signifleant  non-linear  secondary  flow. 
Numerical  .solution  of  the  flow  in  the  viscometer,  along  with  theoretical  analysis  of 
two-body  particle  hydrodynamics  indicates  that  the  inter-panicle  normal  torce 
varies  with  position  in  the  viscometer.  Cells  circulating  in  suspension  are  thus 
subjected  to  i)  time-varying  forces  and  ii)  an  overall  increase  in  the  magnitude  ot 
inter-particle  forces  relative  to  primary  flow.  A  bimolecular  kinetic  model  was 
applied  to  estimate  the  ceil  adhesion  efficiency  under  lhe.se  conditions.  Re.sults 
indicate  that  secondary  flow  at  G=1500  /s  causes  up  to  a  40%  reduction  in 
adhesion  efficiency  relative  to  linear  flow.  Data  from  homotypic  neutrophil 
aggregation  experiments  verify  these  theoretical  predictions,  and  suggest  that 
secondary  flow  may  alter  molecular  on  and  off  rates  measured  in  the  viscometer. 
Further,  increased  inter-cellular  forces  due  to  secondary  flow,  augment  the 
disaggregation  kinetics  of  neutrophils.  Overall,  our  theoretical  model  combined 
with  coneplate  viscometer  experiments,  maybe  a  useful  tool  to  study  the  effects  ot 
both  spatial  and  temporal  force  variations,  on  the  biological  function  of  cells. 
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Platelet  Glycoprotein  Ibalpha:  A  Multifunctional  Receptor  for  Tethering 
Under  Flow  Conditions 

Larry  Meintire'.  Alcia  Schade’.  Jing-Fei  Dong“.  Jose  Lopez” 

’Rice  University.  Institute  of  Biosciences  and  Bioengineering,  Houston,  TX, 
"Baylor  College  of  Medicine,  Department  of  Medicine.  Houston,  TX 

PlatcMet  Glycoprotein  Ibalpha.  part  of  the  GP  Ib-lX-V  complex,  is  critical  in 
hemostasis  and  anerial  thrombosis,  binding  immobilized  von  Willebrand  factor 
(vWn  on  a  damaged  vessel  walls.  Using  CHO  cells  expressing  wild  type  and 
mutant  GP  Ibalpha  chains,  we  demonstrated  tethering  and  rolling  of  these  cells  on 
purified  vWf  under  flow  conditions.  Gain-of-function  and  los.s-of*function  mutants 
have  been  identified  which  give  insight  into  the  detailed  structure-function  of  this 
receptor.  We  also  demonstrated  that  GP  Ibalpha  can  function  as  a  counter-receptor 
for  P-selectin.  elucidating  a  molecular  mechtmi.sm  for  unactivated  platelet 
aitachmenl  to  activated  endothelium  (which  has  been  demonstrated  in  vivo). 
Finally,  we  demonstrated,  using  insolubilized  purified  GP  Ibalpha  and  THP-1 
monocytic  cells  or  transfected  293  cells,  that  GP  Ibalpha  can  serve  as  a  counter 
receptor  for  the  b2  integrin  Mac-I  under  flow,  interacting  with  am  I  domain,  which 
bears  a  striking  homology  to  the  A  domain  of  vWf.  Tliis  gives  a  possible  molecular 
mechanism  for  co-location  of  leukocytes  and  platelets  at  sites  of  vascular  injury  - 
also  as  seen  in  vivo. 


T7.50 

Immobilized  Platelets  Support  Human  Colon  Carcinoma  Cell  Tethering, 

Rolling  and  Firm  Adhesion  Under  Dynamic  Flow  Conditions 

Owen  McCarty,  Konstantinos  Konstantopoulos 

Johns  Hopkins  University,  Chemical  Engineering.  Baltimore,  MD 

Accumulating  evidence  suggests  that  successful  metastatic  spread  Is  dependent 
upon  the  ability  of  tumor  cells  to  undergo  extensive  interactions  with  platelets. 
However,  the  mechanisms  mediating  tumor  cell  adhesion  to  platelets  under 
conditions  of  flow  remain  largely  unknown.  Therefore,  this  study  was  designed  to 
analyze  the  ability  of  a  human  colon  carcinoma  cell  line,  LS174T,  to  bind  to 
platelets  under  flow,  and  to  identify  the  receptors  involved  in  this  process. 
Immobilized  platelets  support  LS174T  cell  adhesion  at  wall  shear  stresses  up  to  1.4 
dyn/cm2.  Our  data  suggest  that  platelets  primarily  recruit  LSI74T  cells  through  a 
iwo-step,  sequential  proces.s  of  adhesive  interactions  that  shares  common  features 
but  is  distinct  from  that  elaborated  for  neutrophils.  Platelet  P-selectin  mediates 
LSI74T  cell  tethering  and  rolling  in  a  PSGL-l  and  CD24-  independent  manner. 
Moreover,  platelet  GPIIblllu  iniegrins  appear  to  be  capable  of  directly  capturing 
LSI74T  cells  from  the  fluid  stream,  and  al.so  convert  instantaneously  transient 
tethers  initialed  by  P-selectin  into  stable  adliesion.  Thi.s  step  is  at  least  partially 
mediated  by  vWf  that  bridges  platelet  GPIlbllla  with  a  yet  unidentified  receptor  on 
the  LSI74T  cell  surface  via  a  RGD-dependent  mechanism.  Thi.s  cascade  of  events 
depicts  an  efficacious  process  for  colon  carcinoma  arrest  at  sites  ot  va.scular  injury. 


T7.52 

Temporal  Analysis  of  Fibroblast  Traction  and  Migration  in  Tissue 
Equivalents 

David  Shreiber.  Victor  Barocas,  Paul  Enever,  Mihir  Wagle.  Robert  Franquillo 
University  of  Minne.sota,  Chemical  Engineering  and  Materials  Science. 
Minneapolis,  MN 

Tissue  cells  interact  mechanically  with  fibrillar  networks  by  exerting  traction  which 
traction  results  in  two  primary  biomechanical  phenomena  -  migration  of  the  cell 
and/or  compaction  of  the  network.  We  developed  previously  experimental  methoil.s 
and  complementary  theoretical  models  to  estimate  these  phuMiomena  with  two 
parameters,  the  random  cell  motility  coefficient,  /x,  and  the  cell  traction  parameter. 
tO.  for  cells  in  tissue  equivalents  assuming  /x  and  rO  were  constant  in  value  over 
time.  We  have  adapted  these  models  to  quantify  m  ri)  as  functions  of  time.  /u. 
is  calculated  by  regressing  experimental  mean  squared  di.splucement  (MSD)  data 
with  a  generalized  least  squares  analysis.  Temporal  data  is  determined  by 
eenerating  MSD  data  for  a  continuous  subset  of  time  intervals  tor  the 
displacements  and  shifting  the  range  of  intervals  through  the  range  ot  experimental 
time  points.  rO  is  calculated  by  optimizing  a  finite  clement  solution  to  gel 
compaction.  The  FEM  is  ba.sed  on  our  anisotropic  biphasic  theory  for  tissue 
equivalents,  and  is  .solved  with  the  Control  and  Optimization  (COOPT)  software 
package.  COOPT  solves  a  differential-algebraic  equation  .system  with  piecewise 
polynomials  that  are  functions  of  time,  allowing  the  time  dependence  of  oO  for  the 
optimal  fit  of  the  compaction  data  to  be  obtained.  By  employing  these  two 
techniques,  we  can  now  examine  potential  relationships  between  cell  traction  and 
cell  migration  more  closely  (Fig.  1).  Supported  by  NIH-POI-GM5(M50-03S1  grant 
to  RTT. 


T7.53 

Prostaglandin  E.  (PGE.)  Response  to  Fluid  Flow  is  Independent  of 
Intracellular  Calcium  Concentration  in  Osteoblastic  ROS  17/2.8  and  RCxl6 
Ceils 

Mamie  Saunders.  Jun  You,  Clare  Yeilowley.  Henry  Donahue.  Chnstopher  Jacobs 
Pennsylvania  State  University  College  of  Medicine,  Orthopaedics  and 
Rehabilitation.  Hershey,  PA 


PGE2  has  been  shown  to  mediate  loud-induced  bone  remodeling  in  vivo.  In  vitro, 
we  have  demonstrated  that  PGEt  production  in  osteoblastic  cell  lines  increases  in 
response  to  oscillatory  fluid  flow  (OFF).  Here  we  investigate  whether  PGE: 
production  is  dependent  upon  intracellular  calcium  concentration  ([C;r  +  ]i)  as  has 
been  suggested.  Rat  osteoblastic  sarcoma  cells  (ROS  17/2.8)  and  a  translecied  ROS 
ceil  line  exhibiting  poor  cell-cell  coupling  (RCxlb)  were  uiilizeil.  For  PGE^ 
quantification,  cells  were  exposed  to  OFF  for  I  hour  at  !Hz  or  2H/.  and  2()clync/ 
cm2.  Following  flow,  media  was  collected  for  PGiE^  quantiticalion.  For  |(.a"  -  ji 
quantification,  cells  were  loaded  with  a  fluorescent  calcium  tracer  ami  exposed  to 
3minulcs  of  OFF  at  IHz  and  2()dyne/ctn2.  An  image  acquisition  and  aiialyMN 
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package  was  used  lo  quantify  the  signals.  Neither  ROS  nor  RCxl6  cell  lines 
displayed  a  calcium  response.  However,  both  lines  responded  to  OFF  with  a 
.significant  relative  increase  in  PGEt  production  compared  to  the  no  flow  controls 
with  responses  greater  at  2Hz.  Moreover,  the  PGEi  response  of  ROS  cells  was 
significantly  greater  than  that  of  RCxl6  cells.  These  finding  suggest  that  PGE. 
production  in  ROS  and  RCxl6  cells  in  response  to  OFF  is  independent  of  [Ca“  +  ]i 
but  dependent  upon  cell-cell  coupling. 


T7.54 

Particle  Diameter  Influences  Receptor  -  Ligand  Mediated  Adhesion  Under 
Flow 

Vivek  Shinde  Palil',  Craig  Campbell^  Yang  Yun\  Steven  Slack"*,  Douglas  Goetz" 
'Ohio  University,  Chemical  Engineering,  Athens,  OH,  “University  of  Memphis, 
Computer  Sciences.  Memphis,  TN,  ^Staie  University  of  New  York  at  Stony  Brook, 
Biomedical  Engineering.  Stoney  Brook.  NY,  ‘*University  of  Memphis,  Biomedical 
Engineering.  College  of  Engineering,  Memphis.  TN 

The  diameter  of  circulating  cells  which  may  adhere  to  the  vascular  endothelium 
spans  an  order  of  magnitude  from  ~2  yttm  (the  size  of  a  platelet)  to  ~20  ;i.m  (the 
potential  size  of  a  metastatic  cell).  Although  mathematical  models  indicate  that  the 
adhesion  exhibited  by  a  cell  will  be  a  function  of  cell  diameter,  there  have  been  few 
experimental  investigations  into  the  role  of  cell  diameter  in  adhesion.  Thus,  in  this 
study  we  compared  the  adhesion  of  fi  /xm  and  10  /zm  diameter  P-selectin 
glycoprotein  ligand  -1  (PSGL- 1 )  microspheres  to  P-selectin  under  in  vitro  flow 
conditions.  We  found  that  (a)  the  microsphere  diameter  influences  the  rate  of 
attachment  in  a  complex  manner,  (b)  the  shear  stress  required  to  set  in  motion  a 
firmly  adherent  PSGL-1  microsphere  was  less  for  the  10  yum  micro.spheres  than  for 
the  5  microspheres  and  (c)  the  rolling  velocity  of  the  10  /xm  microspheres  was 
greater  than  the  rolling  velocity  of  the  5  /xni  microspheres.  The.se  results  suggest 
that  attachment,  rolling  and  firm  adhesion  are  a  function  of  cell  diameter  and 
provide  experimental  proof  for  theoretical  models  that  indicate  a  role  for  cell 
diameter  in  adhesion. 


T7.55 

Analysis  of  Selectin  Binding  to  Immobilized  Glycosphingolipids  under  Flow' 
Conditions 

Monica  Burdick.  Konstantinos  Konstantopoulos 

Johns  Hopkins  University,  Chemical  Engineering.  Baltimore.  MD 

Selectins  are  cell-surface  proteins  capable  of  mediating  tethering  and  rolling  of 
leukocytes  to  the  inflamed  ve.ssel  wail.  Several  glycoconjugates  that  bind  to 
selectins  have  been  identified,  but  the  natural  ligand  for  Eselectin  has  yet  to  be  fully 
elucidated,  in  this  study  we  provide  further  evidence  that  glycosphingolipids 
constitute  major  ligands  for  E-  but  not  Pselectin.  To  this  end,  E-  or  P-selectin 
expressing  CHO  cells  were  perfused  over  polystyrene-absorbed  2.3-sialy!  Lewisx 
(sLex)  conjugated  to  the  sphingolipid  ceramide.  CHO-E  cells  tethered  extensively 
and  formed  slow  rolling  interactions  with  the  immobilized  glycosphingolipid  at  1 
dyn/cm2.  Tethering  varied  proportionally  with  ligand  density  on  the  substrate  and 
wall  shear  stress.  In  contrast,  this  substrate  supported  limited  and  fast  CHO-P  cell 
rolling.  Using  a  stochastic  model  of  cell  rolling,  the  step  size  between  successive 
bond  releases  from  the  2,3-sLex-ceramide  conjugate  was  estimated  —0.3  /xm  for 
CHO-E  cells  and  —8  /xm  for  CHO-P  cells.  The  wait  lime  between  these  events  was 
0. 1  sec  and  0.04  sec  for  CHO-E  and  -P  cells,  respectively.  Controlled  detachment 
assays  further  revealed  much  stronger  adhesive  interactions  of  E-  than  P-selectin 
with  2.3-sLex  glycosphingolipids.  Cumulatively,  our  data  suggest  that 
glycosphingolipids  containing  2.3  sLex  might  act  as  natural  ligands  for  E-  but  not 
P-selectin. 


T7.56 

CDIlb/CD18  Coated  Microspheres  Adhere  to  Activated  Endothelium  via  Two 
Distinct  Mechanisms 

Vivek  Shinde  Patil*.  Charles  Parkos*.  Douglas  Goetz^ 

*Ohio  University.  Chemical  Engineering,  Athens,  OH.  ^Emory  University, 
Deparment  of  Pathology,  Atlanta,  GA 

We  have  recently  demonstrated  that  10  micrometer  polystyrene  microspheres 
coated  with  CDl  Ib/CD18  (Mac-1 )  adhere  to  IL-1  activated  (4  hr)  human  umbilical 
vein  endothelial  cells  (HUVEC)  via  E-selectin  under  flow.  However,  pre-treatment 
of  IL-1  HUVEC  with  a  mAb  to  E-selectin  (7A9)  did  not  eliminate  all  of  the 
adhesion,  suggesting  an  E-seiectin  independent  mechanism.  To  probe  this  issue,  we 
pre-treated  the  CD!  lb/CD18  microsphere.s  with  a  mAb  {CBRMl/29}  that  is  known 
to  inhibit  CDllb/CD18  mediated  adhesion.  Pre-treatment  of  the  CDllb/CD18 
microspheres  with  CBRMl/29  es.sentially  eliminated  the  residual  adhesion  of  the 
CDllb/CD18  microspheres  to  lL-1  HUVEC  pre-treated  with  7A9.  When  IL-1 
HUVEC  were  not  pre-treated  with  7A9.  attachment  of  CBRMl /29-bound  CDl  lb/ 
CD  18  microspheres  was  only  slightly  affected.  Pre-treatment  with  CBRMl/29 
under  these  conditions,  did.  however,  convert  the  population  of  adherent  CDl  lb/ 
CD18  microspheres  from  predominantly  firmly  adherent  (  —  90%  firmly  adherent) 


to  predominantly  rolling  (  --()%  linnly  adherent).  Taken  together,  the  data  indicate 
that  CDl  Ib/CDIS  coaled  micro.spheres  adhere  to  lL-1  activated  HUVEC  via  two 
distinct  molecular  mechanisms:  an  Eselectin  dependent  mechanism  that  mediates 
attachment  and  rolling  and  a  mechanism  dependent  on  the  CBRMl/29  epitope  that 
mediates,  predominantly,  firm  adhesion.  Since  these  mechani.sms  mediate  different 
adhesive  .states,  the  above  data  suggest  that  the  mechanisms  have  distinct  kinetics. 

T7.57 

A  Web  Site  Focu.sed  on  Explaining  the  Biology  and  Physics  of  Cell  Adhesion. 
Jao  Ou',  Brian  Good^  Vivek  Shinde  Patil%  Douglas  Goetz' 

'Duke  University.  Durham,  NC,  “Ohio  University,  Chemical  Engineering.  Athens. 
OH 

Collaborations  between  biologists  and  engineers  have  led  to  significant  advances  in 
our  understanding  of  biological  systems  and  the  development  of  novel 
biotechnologies.  These  successes  have  clearly  demonstrated  the  value  of  educating 
engineers  and  biologists  who  have  the  ability  and  desire  to  work  at  the  interface 
between  biology  and  engineering.  A  significant  obstacle  to  training  such  scientists 
is  that  biology  and  engineering  are  at  somewhat  opposite  ends  of  the  spectrum.  In 
general,  biologists  and  engineers  may  be  unfamiliar  with  basic  principles  from  each 
other’s  discipline.  An  additional  complication  is  that  rapid  advances  in  certain 
fields  leads  to  an  evolving  vocabulary  and  physical  explanation  of  the  biological 
processes.  These  changes  make  it  even  more  difficult  for  effective  communication 
between  the  two  di.sciplines.  To  meet  these  challenges  in  the  field  of  ceil  adhesion, 
we  have  developed  a  web  site  aimed  at  facilitating  biologists’  understanding  of  the 
physics  of  cell  adhesion  and  engineers’  understanding  of  the  biology  of  cell 
adhesion.  This  web  site  serves  as  a  model  that  could  be  adapted  to  other  fields  that 
benefit  from  the  close  collaboration  between  biologists  and  engineers. 

T7.58 

PSGL-1  Microsphere  Adhesion  in  Vivo 

Erin  Burch'.  Mohammad  Kiani*.  Vivek  Shinde  Patil\  Douglas  Goetz^ 

'University  of  Memphis,  Biomedical  Engineering,  Memphis.  TN.  “University  of 
Tennessee.  Biomedical  Engineering.  Memphis.  TN,  ^Ohio  University.  Chemical 
Engineering.  Athens.  OH 

We  have  previously  demonstrated  that  the  first  19  amino  acids  of  mature  PSGL-1 
are  sufficient  to  recreate  attachment  and  rolling  on  cellular  expres.sed  P-seleclin  in 
vitro.  To  determine  if  this  region  of  PSGL- 1  is  sufficient  to  mediate  attachment  and 
rolling  on  P-seleclin  in  vivo,  we  coated  microspheres  with  a  recombinant  PSGL-1 
construct,  19.ek.Fc,  consisting  of  the  first  19  amino  acids  of  mature  PSGL-1  linked 
to  an  enterokinase  cleavage  site  which  in  turn  is  linked  to  the  Fc  region  of  human 
IgG.  Micro.spheres  coated  with  human  IgG  or  enterokina.se  liberated  human  Fc 
.served  as  negative  controls.  Murine  cremaster  muscle  was  exteriorized  and 
prepared  for  observation  via  intravital  microscopy.  The  microspheres  were  injected 
and  the  interaction  of  the  microspheres  within  the  post-capillary  venules  of  the 
cremaster  mu.scle  observed.  Intravital  microscopy  revealed  that  (a)  a  significantly 
greater  number  of  the  19.ek.Fc  microspheres  rolled  compared  to  the  negative 
control  microspheres  and  (b)  a  significantly  greater  number  of  19.ek.Fc 
microspheres  were  arrested  in  the  microvascualture  compared  to  the  number  of 
arrested  control  microspheres.  Combined,  the  results,  along  with  other  supporting 
in  vitro  and  in  vivo  data,  suggest  that  the  first  19  amino  acids  of  PSGL-1  are 
sufficient  to  mediate  adhesion  to  trauma-activated  microvascular  endothelium. 


T7.59 

Shear  Stress  Modulates  Platelet-Staphylococcal  Interactions 
Julia  Ross',  Konstantinos  Konstantopoulos”,  Owen  McCarty',  Nehal  Mohamed* 
'University  of  Maryland  Baltimore  County.  Baltimore,  MD.  ^Johns  Hopkins 
University,  Chemical  Engineering,  Baltimore,  MD 

Staphylococcus  aureus  is  a  common  cause  of  hospital-acquired  infections  and  is  a 
leading  causative  organism  of  bloodstream  infection.  Once  bloodbom.  S.  aureus 
causes  infective  endocarditis  and  wide.spread  metastatic  abscesses.  The 
pathogenesis  of  infective  endocarditis  is  complex  and  involves:  endocardial 
damage,  inducing  platelet  and  fibrin  deposition:  adherence  of  S,  aureus  to  damaged 
endocardial  sites:  further  deposition  of  platelets  and  fibrin  onto  the  damaged, 
infected  endocardium:  and  endocardial  reseeding,  either  hematogenousiy  or  locally. 
The  growth  of  infected  cardiac  vegetations  is  directly  linked  to  the  ability  of  the 
infecting  pathogen  to  adhere  to  and  aggregate  platelets. 

The  goal  of  this  work  was  to  demonstrate  that  physiological  levels  of  .shear  stress 
modulate  staphylococcal-platelet  interactions.  To  simulate  events  that  take  place  at 
sites  of  blood  vessel  injury,  we  studied  the  binding  of  S.  aureus  to  activated  platelet 
monolayers  under  shear  conditions  using  a  parallel-plate  flow  chamber  and 
epi-fluorescent  videomicroscopy.  Results  demonstrate  reduced  staphylococcal 
adhesion  as  the  shear  stress  increases,  regardless  of  the  bacterial  growth  phase.  We 
also  studied  heterotypic  aggregation  in  suspension  to  simulate  interaction  events  in 
the  bulk  flow.  Shear  increased  the  percent  of  platelets  bound  in  heteroaggregates 
from  approximately  2%  for  static  controls  to  more  than  10%  alter  2  minutes  of 
shear  exposure.  The  results  of  this  work  directly  support  the  hyptithesis  that  shear 
stress  modulates  S.  aureus-plaielet  interactions. 
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T9.:6 

Modeling  of  Skeletal  Vtusde  (ilycogenolysis 
Melissa  Lambeth'.  Martin  Kushmerick“ 

’University  of  Washington.  Dept,  of  Bioengineering.  Seattle.  WA.  "University  of 
Washington.  Physiology  and  Biophysics.  School  of  Medicine.  Seattle.  WA 

Glycogenolysis  in  skeletal  muscle  is  unique  in  its  ability  to  meet  energetic  demands 
over  an  extremely  broad  range  of  fluxes.  This  large  system  capacity  requires 
modeLs  to  include  dynamic  information  instead  of  simple  steady-state  kinetics.  We 
modeled  the  pathway  of  12  glycolytic  enzymes  with  adenylate  kina.se  and  creatine 
kinase  on  ODE  .solver  software  using  mammalian  kinetic  data  from  the  literature. 
The  kinetic  model  when  solved  for  zero  flux  gives  predicted  equilibrium 
ihenmodynamic  free  energies.  Important  characteristics  of  the  analysis  of  the  model 
are:  a)  the  model  is  highly  constrained  by  two  sets  of  conserved  moieties:  NAD/ 
NADH  redox  and  high-energy  phosphate  potentials.  The  redox  ratio  varies  with 
flux  but  remains  balanced  due  to  the  stoichiometry  of  the  network;  the  .second  ratio 
is  balanced  by  the  matching  of  glycolytic  ATP  synthesis  to  ATPase.  These 
constraints  result  in  the  pathway  functioning  as  two  coupled  units,  above  and  below 
fructose- 1 ,6-bisphosphate.  b)  The  mode!  is  very  sensitive  to  initial  inorganic 
pho.sphate  concentration,  c)  The  apparent  control  of  the  resting  sy.stem  is  distributed 
among  several  key  enzymes  besides  pho.sphofructokinase  -  glycogen 
phosphorylase.  glyceraldehyde  dehydrogenase,  and  3-phosphoglycerate  kinase. 
Relevant  fluxes  and  concentrations  are  being  measured  by  NMR  spectroscopy 
experiments. 


T9.27 

Comparison  of  NONMEM  and  NPEM  with  POP3CM,  a  new  Hierarchical 
Parametric  Empirical  Bayes  Model,  using  Levofloxacin  Data. 

John  Lukas  C‘.  .Mitch  Watrous'.  George  Drusano  L‘ 

’RFPK.  Bi(K:ngineering,  Seattle.  WA.  "Albany  Medical  College.  Department  of 
Medicine  and  Pharmacology,  Albany,  NY 

Hierarchical  models  are  designed  to  combine  information  from  different  study  units 
in  order  to  belter  understand  the  phenomena.  They  include  at  least  two  stages  where 
the  within  unit  and  among  units  variability  is  assessed.  These  models  are  naturally 
applicable  to  the  pharmacokinetic  (PK)  setting.  Such  are  NPEM  (USC.  LAPK), 
NONMEM  (UCSF)  and  POP3CM  (UW.  RFPK).  The  latter  two  also  include  a 
Bayes  step,  in  a  further  stage,  where  prior  information  regarding  the  di.stributions  of 
the  variabilities  and  mean  parameters  can  be  introduced.  Here,  results  from  an 
NPEM  analysis  of  levofloxacin.  (data  published  in  Preston  et  al.,  .Aniimicrob. 
Agents  Chemother,  42.  1998)  are  re-analyzed  with  NONMEM  (First  Order, 
Conditional  and  Laplace  methods)  and  POP3CM  using  a  two-companment  oral 
absorption  PK  model  in  Bayesian  and  non-Bayesian  modes.  Results  for  four  PK 
parameters  are  compared  between  models  independently  and  with  those  from 
NPEM.  Using  the  latter  as  a  standard  in  non  Bayesian  runs,  the  bias  estimates  for 
both  NON  MEM  and  POP3CM  always  included  zero  and  precision  was  always 
below  15%.  ANOVA  test.s  on  the  three  models  as  factors  and  .student  t-tests  on 
NON  MEM  and  POP3CM  Bayesian  parameter  pairs,  always  had  a  probability  of 
differences  due  to  chance  of -at  lea.st  p  =  ().05. 


T9.28 

A  Barrier  Can  Cause  a  Hyperbolic  Enzyme  to  Have  Switch-Like  Kinetics 
Wendy  Thomas'.  James  Bassingthwaighte" 

'University  of  Washington.  Seattle,  WA,  'Maastricht  University  (Universiteit 
Maastricht),  Cardiova.scuIar  Research  Institute  Maastricht.  Medicine,  Seattle.  WA 


Appendix  15 

Establishment  of  the  Conditions  for  the  Expansion  and  Purificatton  of  Rat 
Pancreatic  Ductal  Epithelial  Cell  Cultures 
Michael  Boretti,  Keith  Gooch 

University  of  Pennsylvania,  Bioengineering,  Philadelphia,  PA 

During  both  fetal  pancreatic  development  and  adult  pancreatic  regeneration,  ductal 
epithelial  cells  (DEC's)  differentiate  into  endocrine  cells.  The  goal  of  this  project  is 
to  apply  existing  understanding  of  these  processes  to  recapitulate  endocrine  cell 
development  in  vitro  and  create  tissue-engineered  islets.  As  ^ese  tissue-engineered 
islets  would  be  derived  from  DEC’s  that  have  significant  proliferative  potendal, 
they  could  greatly  increase  the  number  of  diabetic  recipients  served  by  a  given 
amount  of  donor  tissue.  After  testing  different  isolation  strategies,  collagenase 
digestion  followed  by  filtering  through  a  size-selective  sieve  was  found  to  be  the 
most  effective  means  of  isolating  DEC’s,  An  analysis  of  different  ECM  substrates 
further  revealed  that  DEC’s  proliferate  quite  rapidly  to  form  a  monolayer  when 
grown  on  a  thick-collagen  gel.  but  not  on  Matrigel,  plastic,  or  a  thin  collagen  layer. 
Our  research  is  currently  aimed  at  purifying  the  progenitor  population  from 
contaminating  fibroblasts  using  standard  techniques,  and  we  are  also  experimenting 
with  methods  to  enhance  DEC  growth  by  combining  our  technique  with  a  fibroblast 
feeder  layer.  Future  work  will  investigate  candidate  growth  factors  and  ECM 
components  under  three-dimensional  culture  conditions  to  establish  the  optimal 
environment  for  generating  tissue-engineered  islets. 

T9.30 

Mathematical  Modeling  of  Angiogenesis:  Diffusion,  Chemotaxis  and  Effects  of 

Fibronectin 

Vladimir  Ajaev 

Stanford  University.  Stanford,  CA 

Solid  tumors  cannot  grow  and  develop  without  formation  of  a  capillary  network  of 
blood  vessels.  This  process,  known  as  angiogenesis,  is  initiated  by  certain 
chemicals  ('tumor  angiogenesis  factors')  which  cause  endothelial  cells  to  migrate 
into  the  extracellular  matrix  towards  the  tumor.  Such  migration  has  been  a  subject 
of  several  mathematical  models.  Most  of  them,  however,  either  neglect  some 
important  effects  or  seek  solutions  for  geometries  which  are  not  relevant 
experimentally.  The  purpose  of  this  study  is  to  obtain  realistic  solutions  which  can 
be  verified  experimentally.  The  model  lakes  into  acccount  random  diffusion  of  cells 
and  chemotaxis;  to  include  the  effects  of  fibronectin  we  use  the  approach  of 
Anderson  and  Chaplain  (Appl.  Math  Lett.  12  (1999),  p.  121).  although  other 
possibilities  are  also  discussed.  Solutions  indicate  limitations  to  tumor 
vascularization;  mechanisms  that  limit  the  migration  of  endothelial  ceils  are 
di.scussed. 

T9.31 

Frequency  Dependent  Effects  of  Oscillating  Fluid  Flow  on  Bone  Cells 
Jun  You.  Mamie  Saunders,  Clare  Yellowley.  Henry  Donahue,  Christopher  Jacobs 
The  Penn.sylvania  State  University.  Department  of  Orthopaedics  and 
Rehabilitation,  Hershey,  PA 

It  is  well  known  that  bone  cells  can  sense  mechanical  loading  and  alter  bone 
structure  to  efficiently  support  the  load  bearing  demands  placed  upon  it.  Previously, 
oscillatory  flow  induced  shear  stress  was  shown  to  mediate  a  variety  of 
physiological  responses  in  vitro,  including  increased  intracellular  calcium 
concentration  ([Ca2  +  ]i)  and  production  of  prostaglandin  E2  (PGE2)-  However 
there  is  little  in  vitro  data  to  show  loading  frequency  effects  on  bone  cells.  Our 
hypothesis  was  that  over  a  wide  range  of  loading-induced  oscillating  flow 
frequencies  bone  cells  display  a  frequency  dependent  response.  To  lest  our 
hypothesis,  we  developed  a  high-frequency  flow  device  to  deliver  a  wide  range  of 
sinusoidally  oscillating  flow  frequencies  while  monitoring  real  time  [Ca2+]i  and 
PGE2  production  in  MC3T3-E1  osteoblastic  cells.  Our  results  show  that  the  more 
stimulatory  frequency  for  [Ca2+]i  was  0.1  Hz.  However,  0.5- 1.0  Hz  was  more 
stimulatory  of  PGE2  production.  This  suggests  that  the  signaling  pathways  for 
[Ca2-i-]i  and  PGE2  may  be  different.  Moreover  considering  viscoelastic  properties 
of  cells,  our  results  suggest  that  bone  cell  [Ca2+]i  response  is  more  dependent  on 
cell  membrane  deformation  whereas  PGE2  production  is  more  related  to  cytosol 
internal  friction. 


We  demonstrate  that  a  barrier  separating  an  enzyme  from  its  substrate  can  result  in 
an  ultrasensitive  response.  With  the  current  interest  in  quantifying  bioechemical 
pathways,  it  becomes  increasingly  important  to  understand  how  enzymes  function 
within  an  intact  cell  as  well  as  in  a  test  tube.  We  present  here  a  novel  mechanism 
through  which  a  barrier  such  as  a  cell  membrane  can  cau.se  an  enzyme  with 
Michaeiis-Menten  hyperbolic  kinetics  to  display  an  arbitrarily  sleep  re.spon.se  to 
bulk  sub.strate  concentrations  When  a  single  enzyme  utilizes  substrate  that  is 
supplied  externally,  and  does  so  quickly  relative  to  the  transport  rate  of  the 
substrate,  the  apparent  Hill  coefficient  of  the  enzyme  can  increase  more  than 
tenfold  the  region  between  half-maximal  and  maximal  activity.  The  addition  of  a 
lower  Km  enzyme  competing  for  the  same  substrate  can  cause  a  similar  increase  in 
the  Hill  coefficient  of  the  first  enzyme  in  the  region  below  half-maximal  activity. 
Thus  an  enzyme  that  would  normally  require  an  SI -fold  increa.se  in  substrate 
concentration  to  switch  from  10%  (o  90%  t)f  maximal  activity  could  do  the  same 
with  only  a  2-fold  increase  in  substrate  when  part  of  a  system  involving  a 
membrane  and  a  competing  enzyme. 


T9.32 

Fluid  Flow  Induced  Intracellular  Calcium  Signaling  Is  Shear  Stress  And 
Frequency  Dependent  In  Primary  Rat  Osteoblastic  Cells 
Seth  Donahue,  Henry  Donahue,  Christopher  Jacobs  ir  i,  pa 

Pennsylvania  State  University,  Orthopaedics  and  Rehabilitation,  Hershey,  PA 


)ne  adaptation  is  dependent  on  the  magnitude  and  frequency  of  mwharacal 
idine  in  rats.  We  hypothesized  that  cytosolic  calcium  oscUlatioiis  (^ikcs)  are 
io  dependent  on  the  magnitude  and  frequency  of  mechanical  loading  in  primary 
teoblastic  ceils  isolated  from  rat  long  bones.  Fura-2  was  us^  to 
racellular  calcium  concentrations  in  individual  cells  during  a  three  mmute  TO 
»w  period  and  three  minutes  of  oscillating  fluid  flow  that  produced  shear  * 

I  or  2  Pa  at  frequencies  of  0.2,  I,  or  2  Hz.  There  were  spontaneous  c^cium 
ikes  in  12%  of  cells  during  the  no  flow  period.  Significantly  (p 
lls  displayed  spiking  during  fluid  flow;  more  cells  responded  to  2  Pa  (  ) 
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1  Pa  (52%),  and  lo  0.2  Hz  (70%)  than  2  Hz  (49%).  The  percentage  of  cells 
responding  was  frequency  dependent  at  I  Pa,  but  not  at  2  Pa.  Spike  amplitude  wa.s 
dependent  on  fluid  flow  frequency,  but  not  shear  stress  magnitude.  Spiking  was 
greater  at  0.2  Hz  (144  nM)  than  at  2  Hz  (99  nM).  Calcium  signalling  was  dependent 
on  the  maenitude  and  frequency  of  mechanical  loading  in  rat  osteoblastic  cells; 
higher  magnitude  and  lower  frequency  fluid  flows  were  more  stimulatory. 


T9.33 

Tumor  Diagnosis  using  Population  Modeling  Techniques  and  MRI 
Technology 

Mary  Spilker,  Amy  Yao,  Paolo  Vicini 

University  of  Washington,  Bioengineering,  School  of  Medicine.  Seattle,  WA 

Tumor  diagnosis  is  one  novel  application  of  population  modeling  techniques.  In 
this  work,  we  apply  population  modeling  techniques  to  the  diagnosis  of  mammary 
tumors  in  animals.  Endogenously  produced  mammary  tumors  were  imaged  via 
dynamic  contrast-enhanced  MRI  after  intravenous  injection  of 
albumin-(Gd-DTPA)30.  Dynamic  signal  intensity  measurements  were  obtained 
from  blood  and  tumor  tissue  and  converted  to  measures  proportional  to  contrast 
agent  concentration.  These  data  were  then  fitted  with  a  mathematical  model  of 
capillary  wall  permeability,  yielding  a  quantitative  measure  of  capillary 
permeability  of  the  tumor  to  albumin-(Gd-DTPA)30.  The  hypothesis  was  that  the 
tumor  disrupted  the  endothelial  wall  to  a  degree  proportional  to  the  malignancy. 
The  permeability  model  was  then  embedded  in  a  statistical  model  of  the  two 
subpopulations  (benign  and  malignant  tumors).  The  results  allowed  us  to  separate 
the  two  subpopulations  and  correlated  very  well  (r  -  0.80)  with  the  tumor  grade 
independently  determined  from  histology.  The  model  was  able  to  predict  with  89% 
accuracy  whether  the  tumor  was  benign  or  malignant.  While  these  initial  results  are 
encouraging,  further  research  is  needed  to  ascertain  the  power  of  this  technique  for 
diagnostic  purposes.  Supported  by  NIH  grant  P41-RR 12609. 

Track  10.  History,  Design,  Education,  and 
Engineering  Research  Centers 

10.1  Education 


TlO.l 

Development  of  a  Web-based  Teaching  Module  for  Light  Propagation  in 
Turbid  Media 

Conor  KlewenoL  Joseph  Walshs  Suzanne  Olds’,  David  Kanter^,  Michael  Miller^ 
^University  of  Washington.  Biomedical  Engineering,  Seattle.  WA,  "Northwestern 
University,  Biomedical  Engineering,  Evanston.  IL 

The  learning  of  tissue  optics  is  complicated  by  the  numerous  models  that  describe 
the  propagation  of  light  in  turbid  media.  Typically,  instructors  present  a  general 
overview  of  the  models  or  only  one  model  in  great  depth,  but  in-depth  comparison 
of  models  is  difficult  and  thus  limited.  This  study  is  one  pan  of  a  multi-year 
Engineering  Research  Center  (ERC)  project  to  develop  instructional  tools  on  the 
topic  of  propagation  of  light  in  turbid  media.  The  objective  is  to  create  an 
interactive  web  site  where  students  can  compare  and  contrast  different  tissue 
optical  models,  examine  the  light  distributions  given  by  the  different  models,  and 
test  strategies  for  dealing  with  unanticipated  or  conflicting  results.  A 
computer-based  program  was  developed  where  the  students  select  the  tissue 
geometry  and  optical  properties,  as  given  by  the  instructor  or  dictated  by 
laboratory/clinical  conditions,  and  observe  the  resulting  light  distribution  for 
several  models.  Students  perform  interactive  tasks  and,  for  example,  predict  then 
^alyze  the  light  distributions  generated  by  the  models  subsequent  to  changes  in  the 
tissue  optical  properties.  Students  with  varying  levels  of  tissue  optics  background 
were  used  to  assess  the  success  of  our  learning  objectives. 

T10.2 

Clinical  Engineering  in  Clinical-Care  &  its  Curricular  Development 
Dhanjoo  Ghista 

Biomedical  Engineering  Dept.,  Hyderabad,  Andhra  Pradesh  India 

Role  of  ainical  Engineering  (CLE)  in  Tertiary-care  (today  &  tomorrow) 

The  role  entails  monitoring  of  relevant  patient  data  concerning  organ 
functional  activity,  such  as  by  ECG  surface  mapping  to  assess  heart  electrical 
activity,  and  detect  therefrom  the  electrical  source  and/or  conduction  abnormalities. 
Processing  and  diagnostic  analysis  of  the  monitored  signals  and  images 
constitutes  the  next  logical  role.  This  is  exemplified  by  power-spectral  analysis  of 
HR  variability,  lo  characterize  autonomic  dysfunction.  The  processed  medical  data 
then  enables  analysis  of  organ  systems  functional  processes.  This  can  include, 
for  instance,  intraLV  blood  flow  analysis,  to  determine  intra-LV  blood  velocity 
patterns  and  pressure-gradients,  to  them  compute  diagnostic  indices  of  LV 
resistanceto  filing  and  contractility.  Rehabilitation  and  Surgical  procedures 
constitute  the  fifth  BME  clinical  role.  In  this  category,  a  novel  BME  involvement 


is  in  surgical  simulation,  involving  presurgical  analyses  of  stress,  flow  and 
electrical  fields  at  surgical  correction/reconslruction  sites,  for  an  optimal  surgical 
procedure.  ArtiHciul  organs  and  Prosthesis  design  con.siitute  the  sixth  role  of 
BME.  exemplified  by  the  cardiac  pacemaker  and  arlirtcal  heart.  Curricular 
Revision  for  Launching  CLE  involves  teaching  integration  of 
engineering-oriented  BME  disciplines  as  Organ-systems  engineering,  applied  to 
clinical  specialtie.s. 


T10.3 

Neural  Interfaces  Laboratory  in  Bioengineering 
Gregory  Clark,  Richard  Normann,  Paiick  Tresco 
University  of  Utah,  Bioengineering,  Salt  Lake  City,  UT 

Increasingly,  bioengineering  tools  and  techniques  are  being  used  for  the  treatment 
of  neural  disorders  ranging  from  sensory  and  motor  dysfunction  to  higher-order 
phenomena  such  as  epilepsy  and  depression.  This  laboratory  course  provides 
hands-on  training  in  the  engineering  and  implementation  of  neural  interfaces,  and 
acquaints  students  with  cellular-  and  systems-level  neural  properties  relevant  to 
these  technologies.  Specific  topics  include  surgery,  electrophysiological  stimulation 
and  recording  (single  neurons,  nerves,  and  brain),  cell  delivery  systems,  neural  cell 
culture,  biocompalibility,  histology,  and  anatomy  (see  http://www.bioen.utah.edu/ 
NIL.html).  Examples  include  the  following.  (1)  Students  used  intracellular 
recording  and  stimulation  to  examine  neural  accommodation,  anode-break 
excitation,  stimulus  iniensity/duration  functions,  action  potential  collision,  and 
synaptic  plasticity.  (2)  Students  used  tripolar  electrodes  and  quasitrapezoidal 
stimulation  of  sciatic  nerve  (Fang  &  Monimer,  1991)  to  recruit  motor  units  in  the 
normal  physiological  order,  as  indicated  by  amplitudes  and  kinetics  of  muscle 
contractions.  (3)  Students  implanted  dopamine-releasing  encapsulation  devices  into 
rat  striatum  to  alleviate  experimental  Parkinsonian  symptoms.  Implants  reduced 
rotational  behavior  by  75%  and  were  biocompatible.  Whitaker  Foundation  (RAN  & 
GAC)  &  BEEF  Awird,  Univ.  Utah  (GAC). 


T10.4 

From  Cells  to  Systems;  A  Learning  Module  for  Bioengineering  Neural 
Systems  Physiology 

John  Troy,  Brian  Reiser.  David  Kanter.  Jaejung  Kim.  Frank  Fisher 
Northwestern  University.  Education  &  Social  Policy.  Evanston.  IL 

Learners  of  neural  systems  physiology  often  find  the  step  from  a  good 
understanding  of  the  signaling  properties  of  single  neurons  to  an  understanding  of 
how  ensembles  of  neurons  process  information  in  interesting  ways  challenging.  We 
are  developing  u  module  based  on  neural  circuits  in  the  visual  system  to  assist 
students  in  meeting  this  challenge.  The  design  team  includes  biomedical  engineers 
with  expertise  in  systems  physiology  -  one  an  expert  in  the  area  of  visual 
information  processing  -  and  learning  scientists  who  bring  to  the  table  expertise  in 
the  efficient  design  of  educational  materials.  The  objective  of  thi.s  presentation  is 
not  primarily  to  illustrate  the  module  that  is  being  developed,  but  rather  to 
demonstrate  how  a  partnership  between  bioengineers  and  learning  scientists  can  be 
productive  in  building  optimal  educational  materials  in  the  field  of  bioengineering. 

This  work  was  supported  primarily  by  the  Engineering  Research  Centers  Program 
of  the  National  Science  Foundation  under  .Award  Number  EEC9876363. 


TI0.5 

A  Taxonomy  for  Bioengineering  Systems  Physiology 
John  Troy,  Tobias  Heidkamp 

Northwestern  University,  Biomedical  Engineering,  Evanston.  IL 

We  have  drafted  a  taxonomy  of  the  domain  of  systems  physiology  within  the  field 
of  bioengineering.  Our  objective  has  been  to  catalog  all  aspects  of  systems 
physiology  that  might  be  included  in  courses  taught  in  this  area  of  bioengineering. 
In  addition  to  including  an  index  of  topics  that  might  be  covered  in  such  courses, 
the  taxonomy  includes  listings  of  course  materials  (e.g.  textbooks,  laboratory 
exercises,  software  packages,  internet  sites,  etc.)  that  are  available  for  the  topics 
listed,  and  information  on  the  background  a  student  would  need  to  tackle  each 
topic.  The  draft  taxonomy  is  being  presented  here  to  solicit  input  from  the 
bioengineering  community.  When  complete,  the  taxonomy  will  be  internet 
accessible  through  the  Vanderbilt  University,  Northwestern  University,  University 
of  Texas,  and  Harvard  University/Massachusetts  Institute  of  Technology  (VaNTH) 
Engineering  Research  Center  in  Bioengineering  Educational  Technology.  We 
believe  that  the  finished  taxonomy  will  be  an  invaluable  resource  for  the 
bioengineering  community. 

This  work  was  supponed  in  part  by  the  Engineering  Re.search  Centers  Program  of 
the  National  Science  Foundation  under  Award  Number  EEC9876363. 
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Fos  Family  Transcription  Factors  as  Critical  Components  of  Osteogenic 
Signalling  Elicited  by  Mechanical  Loading.  D.  Inoue.*  S.  Kido.*  T.  Matsumoto  * 
First  Department  of  Internal  Medicine,  University  of  Tokushima  School  of  Medicine. 
Tokushima,  Japan. 

Mechanical  stress  is  one  of  the  most  important  physiological  osteogenic  stimuli  and  is 
critical  for  bone  homeostasis  as  evidenced  by  severe  and  rapid  bone  loss  observed  in 
human  subjects  during  space  flight  as  well  as  immobilization.  However,  signalling  path¬ 
ways  from  mechanical  loading  to  bone  formation  are  largely  unknown,  A  transcription  fac¬ 
tor,  c-Fos.  has  been  implicated  in  this  signalling  cascade  because  of  its  rapid  induction  by 
mechanical  loading  in  cells  of  the  osteoblast  lineage  and  its  ability  to  transform  osteoblasts 
when  overexpressed  in  transgenic  mice.  However,  there  has  been  no  direct  evidence  that  c- 
Fos  stimulates  bone  formation.  Recent  reports  have  indicated  that  overexpression  of  other 
Fos  family  members,  either  delta-FosB.  a  C-terminal  truncated  naturally  occurring  splicing 
variant  of  FosB,  or  Fra- 1,  causes  osteosclerotic  changes  in  transgenic  mice,  providing  in 
vivo  evidence  that  they  are  capable  of  enhancing  bone  formation.  Therefore,  delta-FosB 
and  Fra-1  may  actually  mediate  osteogenic  signals  in  response  to  various  stimuli  such  as 
mechanical  loading. 

As  an  initial  step  to  determine  roles  of  Fos  family  members  in  the  osteogenic  response 
to  mechanical  loading,  we  investigated  mechanical  stress-induced  expression  of  these  fac¬ 
tors  in  vivo,  utilizing  a  mouse  tail  suspension  model.  Seven  to  nine  week-old  ICR  male 
mice  were  tail-suspended  for  4  days  and  then  reloaded  in  rotating  cages  for  2  hours. 
Expression  of  the  mRNA  for  fos  family  members  in  periosteum-enriched  (Fr.l)  and  osteo- 
cyte-eruiched  (Fr,2)  fractions  of  the  tibiae  and  femurs  was  examined  at  various  time  points 
after  reloading.  RNase  protection  assay  revealed  that  delta-fosB  mRNA  was  constitutively 
expressea  in  Fr.  1  and,  to  a  little  lesser  degree,  in  Fr.2  at  a  comparable  level  to  fosB  mRNA. 
Reloading  caused  a  clear-cut  induction  of  both  fosB  and  delta-fosB  mRNA  expression  at 
30  min,  which  reached  a  peak  around  2h  and  became  down-regulated  by  8h.  Expression  of 
both  c-fos  and  ffa-1  mRNA  was  also  enhanced  after  reloading  but  with  different  temporal 
profiles:  c-fos  expression  reached  the  maximum  at  30  min  while  fra- 1  showed  a  late  peak 
at  6h,  suggesting  distinct  transcriptional  targets  for  these  factors.  Consistent  with  our  in 
vivo  findings,  fluid  shear  stress  also  induced  delta-fosB  expression  by  a  mouse  osteoblastic 
cell  line.  MC3T3E1,  in  vitro.  Furthermore,  treatment  with  human  PTH  (1-34)  also 
increased  expression  of  both  fosB  and  delta-fosB  in  MC3T3E1  cells.  Nuclear  accumula¬ 
tion  of  delta-fosB  proteins  was  demonstrated  by  Western  blot  analysis  under  these  experi¬ 
mental  conditions.  From  these  results,  we  conclude  that  the  Fos  family  members, 
particularly  delta-FosB  and  Fra-1,  may  constitute  critical  components  of  downstream  sig¬ 
nalling  events  elicited  by  mechanical  loading  as  well  as  other  osteogenic  stimuli  such  as 
PTH  treatment. 
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ifanvestigation  of  the  Glycocalyx  of  Cultured  Bone  Cells.  G  C.  Reillv.*  c.  R. 
Jflcob.s-  Orthopaedics  and  Rehabilitation,  Pennsylvania  State  University  College  of 
Medicine,  Hershey,  PA,  USA. 

It  has  been  hypothesised  that  osteocytes  posses  a  hyaluronic  acid  rich  glycocalyx  simi¬ 
lar  to  that  found  on  endothelial  cells,  and  that  the  presence  of  this  type  of  glycocalyx 
enhances  fluid  shear  stress  levels  at  the  cell  surface  (Wienbaum  et  al.  J.  Biomech  1994, 
p.339).  The  glycocalyx  has  not  been  characterised  for  bone  cells  in  vivo  or  in  vitro.  We 
used  lectin  binding  experiments  and  the  critical  electrolyte  concentration  method  of  Alcian 
blue  staining  to  investigate  the  glycocalyx  of  osteoblast-like  cells  in  culture. 

MC3T3-E1,  osteoblast-like  cells,  were  cultured  in  media  and  10%  FBS  for  two  days 
prior  to  experiments.  Lectin  binding  experiments  were  performed  with  3  fluorescently 
labelled  lectins:  Concanavaiin  Agglutinin,  Vida  Villosa  Agglutinin  and  Wheat  Germ 
Agglutinin.  Cells  were  incubated  for  30  minutes  with  the  lectin  alone  or  the  lectin  and  0.5 
M  of  an  inhibiting  sugar:  Glucose,  N-acetly-D-galactosamine  and  N-acetyl-D-gluo- 
cosamine  respectively.  All  lectins  bound  well  to  the  cell  surface,  as  viewed  under  fluore- 
cent  microscopy.  In  each  case  lectin  binding  was  inhibited  by  the  sugar,  indicating  the 
precence  of  these  sugars  at  the  cell  surface  and  lectin  specificity  for  the  sugars.  Alcian  blue 
stain  was  dissolved  in  either  O.IM  or  0.5  M  MgCL.  At  the  higher  electrolyte  (MgCl2)  con¬ 
centration  only  sulfated  proteoglycans  are  stained  and  at  the  lower  concentration  all  sugar 
groups  are  stained  (Scott  and  Dorling  Histochemie,  1965  p.221).  There  was  no  staining  at 
the  higher  concentration  but  extensive  staining  at  the  lower  one,  suggesting  sulfated  pro¬ 
teoglycans  are  not  a  major  component  of  the  glycocalyx  (compare  figures  A  and  B  below, 
width  of  field  of  view  0.9  mm). 

f^cse  experiments  show  that  MC3T3  cells  have  a  glycocalyx  composed  of  glycopro¬ 
teins  rich  in  Glucose,  N-acetly-D-galactosamine  and  N-acetyl-D-gluocosamine,  and  that 
sulfated  proteoglycans  are  not  present.  This  supports  the  hypothesis  of  an  hyaluronic  acid 
rich  glycocalyx  around  bone  cells.  These  results  can  be  used  to  manipulate  the  glycocalyx 
for  fluid  flow  experiments. 


Appendix  16 

Prostaglandin  Receptor  EP4  Mediates  the  Bone  Anabolic  EP 

M.  Machwate.*‘  S.  Harada.'  C.  T.  Leu.*  G_Secdor.'  M.  Lahpiu  *2  ^  r 
Hutchins, ‘2  N.,  Lachance.*^  S_._B.  Rodan,*'  R.  YQunL^*^G  A. 

O.steoporosi.s  Research.  Merck  Research  Laboratories,  West  Point  Pa.  1 
Chemistry,  Merck  Frosst.  Montreal,  PQ,  Canada. 

PGE2  is  a  potent  inducer  of  conical  and  trabecular  bone  formation  in  h 
mals.  Although  the  bone  anabolic  action  of  PGE2  is  well  documented 
molecular  mechanisms  which  mediate  this  eftect  remain  unclear.  Thri  shrfi 
taken  to  examine  the  etfect  of  pharmacological  inactivation  of  prostaglai^/ 
one  of  the  PGE2  receptors,  on  PGE2-induced  bone  formation  in  vivo. 
the  ability  of  an  EP4  selective  ligand  {EP4RA).  to  act  as  an  antagonist!  ustn^ 
osteal  cells  in  which  PGE2  increases  intracellular  cAMP  and  suppresses 
dose  dependently  reverses  the  effect  of  PGE2  on  both  intracellular  cAMPi 
these  cells,  suggesting  that  EP4RA  acts  as  an  EP4  antagonist.  We  next  cxi 
of  EP4RA  on  PGE2  induction  of  bone  formation  in  young  rats.  5-6  wctf 
treated  with  PGE2  {6mg/kg/day)  in  the  presence  or  absence  of  EP4RA  (IQ 
12  days.  EP4RA  suppressed  by  81%  the  increase  in  trabecular  bone  volu 
PGE2.  This  effect  was  accompanied  by  a  complete  suppression  of  changes  lari 
calcin.  a  54%  reduction  in  the  tetracycline  labeled  surface  and  93%  reductioal 
h-abecular  number  induced  by  PGE2.  Taken  together  these  findings  indicated! 
inhibited  the  bone  formation  induced  by  PGE2  and  support  the  hypothesir< 
anabolic  effects  of  PGE2  in  rats  are  mediated  by  the  EP4  receptor. 
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The  Transit  Amplifying  Mesenchymal  Progenitor  Cell  ComptrS 
the  Stem  Cel!  Compartment,  is  the  Principal  Site  of  Control  of  < 
Production  in  Normal  and  Pathologic  Bone  Remodeling,  a  b.  | 

Taguchi,  LGubrij,  CSmith,*  A.  M.  Parfitt.  S.  C.  MannIaPBs.  R.  L.  Jil^ 

Metab,  Center  for  Osteoporosis  and  Metabolic  Bone  Diseases,  Central  Arkana^ 
Healthcare  System,  Univ.  of  Arkansas  for  Med.  Sci.,  Little  Rock,  AR,  USA. 

A  continuous  supply  of  osteoclasts  and  osteoblasts  is  required  for  the  n 

bone  by  the  bone  multicellular  unit  (BMU).  These  cells  are  ultimately  < _ 

hematopoietic  and  mesenchymal  stem  cells.  Stem  cells  are  normally  quiescent  L. 
high  capacity  for  self-renewal,  and  also  produce  a  more  differentiated  population 
amplifying  (TA)  progenitors.  In  contrast  to  stem  ceils.  TA  cells  proliferate  aodp 
lose  their  ability  to  self  renew  as  they  differentiate.  By  virtue  of  their  proliferative  | 
renewal  capacity,  early  TA  cells  are  well-positioned  for  the  minute-to-minute.  (» 
mature  cell  production.  Indeed,  studies  in  mice  have  demonstrated  that  chang^ 
remodeling  are  accompanied  by  corresponding  changes  in  the  number  of  CTU-f  ^ 
progenitor  of  osteoclasts)  and  CFU-OB  -  an  undifferentiated  population  of  mei 
osteoblast  progenitors.  However,  the  proliferative  and  self-renewal  properties  of^ 
are  not  well  defined;  and  the  relationship  of  their  self  renewal  to  normal  and  p 
bone  remodeling  has  not  been  studied. 

We  now  report  that  —90%  of  CFU-OB  from  marrow  of  adult  mice  are  dividin£|j 
as  indicated  by  a  reduction  in  their  number  following  administration  of  5-fluof0^“ 
kill  dividing  cells.  Using  an  in  vitro  replating  assay,  we  also  show  that  CFU-OB^ 
by  10-20  fold  during  the  first  1 1  days  of  culture,  but  there  is  little  change  in  their  ^ 
thereafter.  Daughter  CFU-OB  are  identical  to  the  parental  cell  with  respect  to  tbeltp 
generate  osteoblast-containing  colonies  of  equivalent  size,  alkaline  phosphatast^^8 
degree  of  mineralization,  and  time  ot  onset  of  osteocalcin  production.  TTiese  fiodni 
cate  that  the  majority  of  CFU-OB  are  not  quiescent  stem  cells  but  proliferating 
with  a  finite  self  renewal  capacity.  Further.  CFU-OB  self-renewal  is  suppressed  . 

gen  and  aging,  which  are  known  to  attenuate  remodeling  and  bone  formation. 
estradiol  suppresses  the  production  of  new  CFU-OB  in  vitro  by  2-3  fold,  with  a  aMB 
effect  at  1  nM.  In  contrast,  CFU-OB  self-renewal  is  unaffected  by  ivp-estradiol  iacJip|t- 
from  mice  lacking  ERa  (provided  by  K.  Korach.  NIEHS.  Research  Triangle  Pad^j|^'. 
indicating  a  receptor-mediated  effect  of  the  steroid.  In  addition,  self-renewal  ofChllMp 
cultures  from  19-month-old  C57/BL6  mice,  or  from  the  SAMP6  murine  moddwjlf 
related  low  turnover  osteopenia,  is  2-4  fold  less  than  that  from  4  month  old  C577B0|B 
control  SAMRl  mice.  Hence,  we  conclude  that  the  TA  osteoblast  progenitor  comprti|^ 
not  the  stem  cell  compartment,  is  the  principal  site  of  control  of  osteoblast  producdoill 
the  bone  marrow.  Because  proliferation  is  logarithmic,  small  changes  in  TA  osteoblwtp*^ 
genitor  self-renewal  elicited  by  estrogen  and  aging  could  have  potentially  large  eflfectt* 
the  number  of  osteoblasts  available  to  the  BMU. 
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Role  of  Small  G  Proteins  in  Parathyroid  Hormone  Signaling  in  UMR-106 
Osteoblasts.  J.  M.  RadetT.*  Z.  Naev.  P.  H.  Stem.  Molecular  Pharmacology  and 
Biological  Chemistry,  Northwestern  University.  Chicago.  IL.  USA. 

Small  G  proteins  mediate  many  important  cellular  responses.  Small  G  proteins  of  the 
Rho  and  .Arf  families  are  activated  by  lipid  modification  and  subsequently  undergo  translo¬ 
cation  to  membranes.  Rho  A  and  .Arfs  activate  phospholipase  D  (PLD),  a  membrane 
enzyme  that  is  stimulated  by  parathyroid  hormone  (PTHl  PLD  hydrolyzes  phosphatidyl¬ 
choline.  leading  to  the  production  of  diacylglycerol,  which  activates  protein  kinase  C 
(PKC).  The  PK.C  signaling  pathway  contributes  to  downstream  effects  on  osteoblasts.  The 
current  studies  were  undertaken  to  determine  the  effects  of  PTH  on  the  small  G  proteins 
Rho  A  and  Arf  and  the  role  of  these  small  G  proteins  in  PTH-stimulated  activation  of  PKC 
and  PTH  effects  on  interleukin-6  expression.  Rho  A  and  Arf  translocation  were  determined 
by  ceil  fractionation  and  Western  blotting.  PKC  translocation  was  assessed  by  immunoflu¬ 
orescence  of  the  PKC  isozyme,  PKC-alpha.  IL-6  expression  was  determine  using  a  -224/ 
4-1 1  bp  promoter  construct  in  a  luciferase  assay.  Both  Rho  A  and  Arf  were  expressed  in  the 
UMR-106  ceils.  Treatment  of  UMR-106  osteoblastic  cells  with  PTH  (10  nM)  caused  trans¬ 
location  of  both  Rho  A  and  Art'  from  c>'tosolic  to  membrane  fractions,  within  I  minute. 
Brefeldin  A  (10  ug'ml),  a  specific  inhibitor  of  Arfs  1-5,  inhibited  PTH-stimulated  PKC- 
alpha  translocation  and  PTH-  and  forskolin-stimulated  expression  of  the  IL-6  promoter. 
Clostridium  ilijjicile  toxin  B  (4  ng/ml),  which  inhibits  a  number  of  small  G  proteins  includ¬ 
ing  RhoA,  inhibited  PTH-stimulated  PKC-alpha  translocation  and  partially  inhibited  PTH- 
stimulated.  but  not  forskolin-stimulated  expression  of  the  IL-6  promoter.  Neither  of  the 
inhibitors  showed  cell  toxicity  under  the  conditions  used.  The  results  suggest  that  small  G- 
proteins  contribute  to  the  effects  of  PTH  in  osteoblasts. 
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Investigation  of  the  Signalling  Pathways  Involved  in  the  Calcium  Response 
of  Bone  Cells  to  Oscillating  Fluid  Flow.  G  C.  Reillv.*  C.  E.  Yellowlev.  H.  J, 
Donahue.  C.  R.  Jacobs.  Orthopaedics  and  Rehabilitation,  Pennsylvania  State  University 
College  of  Medicine,  Hershey,  PA,  USA. 


Bone  cells  have  been  shown  to  respond  to  pulsatile  and  oscillating  fluid  flow  with  an 
intracellular  calcium  (Ca**^  )  response.  Previous  work  in  our  laboratory  has  demonstrated 
cytostolic  release  of  from  intracellular  stores  in  response  to  physiological  levels  of 
oscillating  fluid  flow  (You  et  al.  Trans  ORS,  2000,  0293).  Here  we  further  characterize  the 
Ca“*  response  of  bone  cells  in  terms  of  the  channels  and  signaling  pathways  that  are 
involved.  MC3T3-E1  cells  were  cultured  on  quartz  slides  and  loaded  with  Fura2,  a  fluores¬ 
cent  indicator  of  intracellular  Ca~'*’  concentration.  The  slides  were  mounted  in  a  parallel 
plate  flow  chamber  on  a  fluorescent  microscope.  Cells  were  subjected  to  a  3  minute  no 
flow  period  and  then  to  oscillating  fluid  flow  at  I8ml/min  for  3  minutes.  To  identify  Ca"'*' 
channels  and  pathways  involved,  three  drug  treatments  were  performed:  neomycin,  an  IP3 
pathway  inhibitor,  nifedipine,  an  L-type  Ca*""^  channel  blocker  and  ryanodine,  which 
depletes  ryanodine  sensitive  Ca""^  stores.  Drug  was  applied  to  the  cells  for  30  minutes 
before  flow  and  during  the  no- flow  and  flow  periods. 


Effect  of  the  drug  treatments  on  the  percentage  of  cells  responding  with  an  increase  in 
Ca""^  (at  least  3  slides  and  116  cells  per  group): 

NEOMYCIN 

NIFEDIPINE 

RYANODINE 

control 

treated 

control 

treated 

control 

treated 

No  Flow 

3.1 

3.9 

6.5 

0 

4.0 

6.9 

Flow 

35.5 

4.2 

92.0 

0 

87.4 

81.0 

Fluid  flow  caused  a  large  response  in  terms  of  the  number  of  cells  exhibiting  a  Ca^"^ 
increase,  for  all  experiments  more  cells  responded  in  flow  controls  than  in  no-fiow  controls 
(Chi  squared  p<0.0005).  Neomycin  and  nifedipine  reduced  the  number  of  cells  exhibiting  a 
Ca""*"  response  (significantly  fewer  than  flow  controls,  Chi  squared  p<0,0005).  Ryanodine  did 
not  reduce  the  percentage  of  cells  exhibiting  a  Ca"'*'  response  but  the  amplitude  of  the 
response  was  reduced  (from  50±17nM  above  background  in  controls  to  30±6nM  above  back¬ 
ground  in  treated  cells),  this  trend  did  not  achieve  statistical  significance  due  to  low  sample 
size  (t-test  on  mean  amplitude  p  =  0, 1 ).  These  results  suggest  that  the  IP3  pathway  is  involved 
in  the  Ca“~  response  to  oscillating  flow  as  has  been  shown  for  steady  and  pulsatile  flow. 
There  is  an  indication  that  the  ryanodine  sensitive  stores  are  involved,  in  contrast  to  experi¬ 
ments  on  the  flow  response  of  chondrocytes  (Yellowley  et  al.  J.  Cell  Physiol,  1999,  p.402). 
Surprisingly  the  nifedipine  results  suggest  a  role  for  the  L-type  Ca'"^  channel,  contrary  to  the 
results  of  studies  on  steady  flow  in  bone  cells  (Hung  et  al.  J.  Biomechanics,  1996,  pl411). 
However  nifedipine  sensitive  channels  have  been  shown  to  be  important  for  PGEt  and  NO 
production  by  osteoblasts  in  in  vivo  loading  (Rawlinson  et  al.  Bone,  1996.  p.609). 


Adipose  Tissue:  Derived  Stromal  Cells  are  Multipotent.  jj 

Franklin.*^  A.  Bond.**  D.  C.  G  R.  Erickson,*^  F.  Guilak.*^  W.  < 

C.  Haivorsen.*^  ' Zen-Bio.  Inc..  Research  Triangle  Park,  NC.  USA.  ^DcptTpJ; 
University  of  Oklahoma  Health  Sciences  Center,  Oklahoma  City,  OK,  USA 
Orthopaedic  Surgery,  Duke  University  Medical  Center.  Durham,  NC.  USA. 

Bone  marrow  .stromal  cells  are  multipotent  and  differentiate  into  adipocytei^ljj 
cytes,  and  osteoblasts  under  appropriate  culture  conditions.  In  this  study,  we  ex« 
use  of  adipose  tissue,  an  accessible,  abundant  and  replenishable  organ,  as  an  1 
source  for  multipotent  stromal  ceils.  Stromal  cells  were  isolated  from  human  a 
specimens  by  collagenase  digestion,  centrifugation,  and  adherence- to  plastic  cultia^ 
in  a  selective  medium.  Cells  were  induced  with  adipogenic.  chondrogcnic  or  qm 
agents  and  examined  by  histochemical  and  molecular  methods.  In  response  to  in 
amethasone  and  a  thiazolidinedione  ligand  for  the  peroxisome  proliferator  activ 
tory,  the  stromal  cells  exhibited  the  morphologic  characteristics  of  adipocytes.  1 
adipocytes  secreted  leptin  and  expressed  the  lineage  specific  gene  markers  aP2, 1 
lipase,  and  CAAT/enhancer  binding  protein  a.  When  cultured  in  a  three-dimei 
matrix,  the  stromal  cells  expressed  gene  markers  consistent  with  chondrocyte  diS^ 
in  a  time  dependent  manner;  these  included  collagens  type  II  and  VI,  aggrecan  aodi 
teins.  The  presence  of  transforming  growth  factor  (3  increased  expression  of  these  njj 
response  to  dexamethasone  and  vitamin  D3,  the  stromal  cells  displayed  an  osl 
type  characterized  by  mineralization  of  the  extracellular  matrix,  increased  j 
phatase  activity,  increased  osteocalcin  secretion,  and  expression  of  osteopontin,  c 
and  bone  morphogenetic  protein  mRNAs.  Together,  these  findings  indicate  that  1 
sue-derived  stromal  cells  can  serve  as  an  alternative  to  bone  marrow-derived  s 
tissue  engineering  applications. 

The  presenter  is  a  salaried  employee  of  Zen-Bio,  Inc.  which  supported  the  reset 
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IL-l  Regulation  of  Osteoblastic  Differentiation  in  Murine  Bone  ] 
and  Primary  Osteoblastic  Cultures.  M.  Tomita.  Y.  Okada.  C.  Alander. , 

L.  G  Raisz.  C.  C.  Pilbeam.  Medicine,  University  of  Connecticut  HealtlrJ 
Farmington,  CT,  USA. 

We  compared  effects  of  IL-l  on  markers  of  osteoblastic  differentiation  in  marro^ 
cells  (MSC)  from  long  bones  and  in  primary  osteoblastic  cells  (FOB)  from  neonatal  6 
of  C57BI/6  X  129  mice.  For  MSC  cultures,  cells  were  plated  at  1.5  million  /  welfl 
dishes,  and  for  FOB  cultures,  cells  were  plated  40.000  /  well.  To  assess  osteogenic  iT 
ation,  we  compared  alkaline  phosphatase  (ALP)  staining  with  total  cell  counte 
crystal  violet  (CV);  determined  ALP  activity;  assessed  mineralization  by  von  K 
and  measured  mRNAs  for  ALP,  osteocalcin,  and  type  1  collagen  (COLlAl).  Tenti 
of  culture  with  IL-l  (10  ng/ml)  did  not  significantly  affect  the  area  of  ALP  or  CV  s 
the  ALP/CV  ratio.  However,  IL-l  decreased  ALP  activity  by  more  than  80%;  1 
inhibited  mRNA  expression  for  ALP,  osteocalcin,  and  COL  1 A 1 ;  and  blocked  n 
IL-l  also  stimulated  osteoclast  formation  in  the  center  of  ALP  stained  colonies  and  n 
increased  RANKL  mRNA  expression.  All  effects  of  lL-1  were  mediated  by  the  IL-f 
type  1  (IL-l  Rl),  since  IL-l  had  no  effects  on  MSC  cultured  from  mice  with  the  IL^ 
disrupted  (IL-lRl-/-).  The  only  difference  between  IL-lRl-/-  and  wild  type  I 
was  a  30%  decrease  in  ALP  activity  in  untreated  IL-l  Rl  MSC  compared  to  wildj^ 
days  of  culture.  In  POB  cultures,  IL-l  (10  ng'ml)  decreased  COLlAl  mRNA  « 
day  8,  abrogated  osteocalcin  mRNA  expression  on  day  14  and  21  and  blocked  n 
at  day  21 .  Cell  numbers  did  not  differ  between  lL-1  treated  cultures  and  controls,  i 
to  Its  effects  on  MSC.  IL-I  increased  ALP  staining  and  increased  ALP  activity  5-ft 
day  POB  cultures.  At  14  days  of  culture  there  was  no  difference  in  ALP  activity  c 
between  IL-l  treated  and  control  cultures.  Based  on  its  inhibition  of  COLlAl  andjfl 
cin  mRNA  expression  and  its  abrogation  of  mineralized  matrix  formation,  IL-l 
inhibitor  of  osteoblastic  differentiation  in  both  MSC  and  POB  cultures.  Howevct?^ 
inhibition  of  osteogenic  capacity  is  not  predicted  by  ALP  staining  in  MSC  c 
either  ALP  staining  or  ALP  activity  in  POB  cultures. 
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Characterisation  of  the  glycocalyx  of  bone  cells  in  order  to  investigate  fluid  flow 
effects 
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Musculoskeletal  Research  Laboratory,  Department  of  Orthopaedics  and  Rehabilitation,  Penn  State  College  oj  Medicine, 

500  University  Drive,  PO  Box  850-  MC  H089,  Hershey,  PA  17033,  U.S.A. 


Introduction 

The  glycocalyx  is  a  cell  coat  composed  of  glycoproteins  and 
proteoglycans.  It  has  been  hypothesised  that  the  glycocalyx 
contributes  toward  the  ability  of  bone  cells  to  detect  and 
respond  to  load-induced  fluid  flow  [1].  However,  there  is  no 
evidence  that  there  is  a  glycocalyx  around  bone  cells  cultured 
in  vitro  or  around  osteocytes  in  vivo,  though  there  is  some 
evidence  that  proteoglycans  are  present  in  the  space  between 
the  osteocyte  membrane  and  the  mineralised  tissue  boundary 
[2].  Our  long  term  goal  is  to  investigate  the  role  of  the 
glycocalyx  in  the  response  of  bone  cells  in  vitro  to  fluid  flow. 
In  this  study  we  characterised  the  glycocalyx  of  cultured  cells 
and  developed  a  strategy  for  manipulating  its  structure.  The 
information  gained  will  contribute  to  elucidating  the  role  of 
the  glycocalyx  in  the  response  of  bone  cells  to  mechanical 
stimuli. 

Materials  and  methods 

Lectin  binding: 

Lectins  are  proteins  which  bind  specifically  to  glycocalyx 
carbohydrates  [3].  Fluorescently  labelled  lectins  (Table  1) 
were  dissolved  in  cell  culture  medium  to  a  concentration  of 
50  iLlg/ml.  To  demonstrate  that  the  labelled  lectins  were 
staining  particular  sugars,  competitive  binding  tests  were 
performed  with  specific  inhibiting  carbohydrates,  which  were 
added  to  the  medium  at  concentrations  of  0.2M  or  0.5M 
(Table  1).  Osteoblast-like  cells  derived  from  mouse  calvaria 
(MC3T3-EI)  ceils  were  plated  onto  slides  and  incubated  with 
1  ml  of  a  lectin  or  the  lectin  plus  its  inhibiting  sugar  and 
examined  under  epi fluorescence. 


Table  /.  Lectins  used  and  their  inhibiting  sugars. 


Lectin 

Inhibiting  sugar 

Concanavalin  A  (Con  A) 

Glucose 

Vicia  Villosa  Agglutinin  (VVA) 

N-acetyl-D-galactosamine 

Wheat  Germ  Agglutinin  (WGA) 

N-acetyl-D-glucosamine 

Enzyme  effects: 

To  further  elucidate  the  composition  of  the  glycocalyx, 
MC3T3-E1  cells  were  treated  with  enzymes  that  digest 
specific  carbohydrate  bonds  [3].  Plated  cells  were  incubated 
for  30  mins  in  the  presence  or  absence  of  enzymes  in  the 
following  concentrations:  800  units  per  ml  (U/ml) 
hyaluronidase,  (digests  bonds  found  in  hyaluronic  acid, 
chondroitin  and  chondroitin  sulphates)  2.5  U/ml 
chondroitinase  ABC  (digests  bonds  found  in  chondroitin 
sulphate)  or  0.5  U/ml  neuraminidase  (liberates  sialic  acid). 
Cells  were  fixed  in  3.7%  formalin  and  stained  with  0.1% 
alcian  blue  in  0.25  M  sodium  acetate  buffer.  Alcian  blue  is  a 
cationic  dye  which  stains  proteoglycans,  and  therefore  cell 
glycocali,  because  they  are  negatively  charged  [3]. 

Results 

All  the  cells  stained  with  labelled  lectin  fiuoresced  brightly 
and  fluorescence  was  markedly  reduced  in  the  presence  ot  an 
inhibiting  sugar  (Fig.  1 )  in  a  dose  dependant  fashion.  The 
inhibition  effect  was  strongest  for  Con  A.  Enzyme  treatment 
and  alcian  blue  staining  showed  a  reduction  in  staining  tor 
ceils  treated  with  hyaluronidase  and  neuraminidase  but  no 
reduction  for  chondroitina.se  ABC. 


Fig  1:  Epijluorescence  micrographs  of  a  monolayer  of 
MC3T3-E1  cells  incubated  with  labelled  Con  A  (top  J  staining 
brightly  and  with  labelled  Con  A  plus  ().5M  glucose  (bottom), 
clearly  showing  less  staining.  Field  oJ  view  4^)0  pm  wide. 

Discussion  and  conclusions 

Using  lectin  staining  and  enzyme  treatment  we  have 
demonstrated  the  presence  ot  a  glycocalyx  in  the  iV1C3T3-El 
osteoblast-like  cell  line.  This  is  the  first  direct  investigation  of 
the  glycocalyx  structure  in  bone  cells.  The  degradation  ot  the 
glycocalyx  by  hyaluronidase  and  neuraminidase  suggest  that 
hyaluronic  acid  and  sialic  acid  groups  are  pre.sent  in  the 
glycocalvx  of  these  cells.  This  is  particularly  interesting  as  the 
theory  of  Weinbaum  et  al.  [I]  suggests  an  important  role  for 
hyaluronic  acid  in  linking  the  glycosaminoglycan  chains  to  the 
cell  membrane.  Interestingly  Chondroitinase  ABC  did  not 
show  a  reduction  in  alcian  blue  .staining,  which  one  would 
have  expected  if  the  bone  proteins  decorin  and  biglycan 
(which  both  contain  chondroitin  sulphate)  formed  a  large 
component  of  the  glycocalyx. 

The  information  we  have  obtained  will  be  crucial  to  in 
vitro  fluid  fiow  studies  in  which  the  effect  ol  the  glycocalyx  is 
to  be  examined.  Furthermore  the  technique  can  be  used  to 
compare  the  composition  of  the  glycocalyx  ol  in  vitro  cultured 
cells  with  that  of  osteocytes  in  situ. 

References 

[11  S.  Weinbaum.  S.C.  Cowin  and  Y.  Zeng  (1994)  J.  Biomech. 
27:  339-360.  [2|  Y.  M.  H.  F.  Sauren,  R.  H.  P.  Mieremet,  C.  G. 
Groot  and  J.  P.  Scherft  (1992)  The  Anatomical  Record  232: 
36-44.  [31  K.  A.  Haldenby,  D.C.  Chappell,  C.  P.  Winlove,  K. 
H.  Parker  and  J.A.  Firth  ( 1994)  J.  Vase.  Res.  31 :  2-9. 

Acknowledgements 

This  work  was  supported  by  the  Wittakcr  Foundation  and  U.S. 
Army  grant  DAIV1D17-9S-1-S5()9. 


international  Sun  Vallexj  Hard  Tissue  Workshop,  August  14-18,  2000  Poster  1 

Appendix  19 
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Introduction:  Bone  adaptation  is  dependent  on  the  magnitude  and  frequency  of 
mechanKal  loadmg.  The  ability  of  long  bones,  including  those  of  the  rat,  to  adapt  to 
mechanical  loadmg  decUnes  with  age.^  In  vitro  experimentation  has  shown  ^that 
m  racellular  calcium  spiking  is  an  early  signaling  response  of  osteoblastic  cells  to 
mechanical  loadmg.  We  hypothesized  that  cytosolic  calcium  oscillations  are 
dependent  on  ^e  magnitude  and  frequency  of  mechanical  loading  in  primary 
osteoblastic  cells  isolated  from  rat  long  bones.  We  also  hypothesized  that 

mtracellular  calcium  signalmg  is  dependent  on  the  age  of  the  rat  from  which  cells 
are  isolated. 


Methods:  Osteoblastic  cells  were  isolated  from  the  periosteal  surface  of  lone  bones 
om  young  (4  months)  and  old  (24  months)  rats  by  collagenase  digestion.  Cells  were 

plated  on  quartz  microscope  slides  at  a  concentration  that 
reached  70 /o  confluence  on  the  day  of  experimentation.  Fura-2  was  used  to  measure 
m  racellular  calcium  concentrations  in  individual  cells.  Microscope  slides  were 
mounte  m  a  parallel  plate  flow  chamber  and  the  cells'  fluorescence  intensity  was 

minute  no  flow  period  and  three  minutes  of  oscillating 
fluid  flow  that  produced  shear  stresses  of  1  or  2  Pa  at  frequencies  of  0.2,  1,  or  2  Hz  A 
calcium  oscillation  of  greater  than  50  nM  was  considered  a  response. 

Results:  Resting  intracellular  calcium  concentrations  were  20-50  nM  There  were 
spontarieous  calcium  oscillations  in  12%  of  cells  from  young  rats  and  in  9%  of  cells 
^oin  old  rats  during  the  no  flow  period.  Significantly  (p  <  0.0001)  more  cells 
displayed  calcium  oscillations  during  fluid  flow.  Cells  from  young  rats  (61%)  were 
significantly  (p  =  0.026)  more  responsive  than  cells  from  old  rats  (41%).  The 
percentage  of  cells  responding  was  neither  frequency  nor  rate  dependent  in  cells 
rom  o  rats.  However,  calcium  oscillations  in  cells  from  young  rats  were  both 
mequen^  and  rate  dependent.  More  cells  responded  to  2  Pa  (70%)  than  1  Pa  (52%) 
More  cells  responded  to  0.2  Hz  (70%)  than  2  Hz  (49%).  ^  ' 


iscussion:  Calcium  oscillations  were  dependent  on  the  magnitude  and  frequency 
mechanical  loading  in  osteoblastic  cells  isolated  from  young  rats;  higher 
magnitude  ^d  lower  frequency  fluid  flows  were  most  stimulatory.  Osteoblastic 
ce  s  trom  old  rats  were  si^ificantly  less  responsive  to  mechanical  loading  than 
Is  from  yowg  rats.  In  vivo,  rat  long  bone  adaptation  to  mechanical  loading  is 
also  magnitude  and  frequency  dependent,^  and  impaired  with  age.'  This  suggests 
mat  mtracellular  calcium  signaling  may  be  an  important  component  of 
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mechanotransduction  in  bone.  Bone  adaptation  to  mechanical  loading  may  be 
mediated  by  the  coordinated  actions  of  a  network  of  bone  cells  including  osteoblasts 
osteocytes,  and  bone  lining  cells.  The  decreased  mechanoresponsiveness  of  bone 
cells  from  older  rats  may  help  explain  why  adaptation  is  impaired  in  older  rats. 
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ABSTRACT 

It  is  hcliovcd  that  bone  cells  can  sense  mechanical  loading  and 
alter  bone  external  shape  and  internal  structure  to  efficiently  support 
the  load  bearinu  demands  placed  upon  it.  However,  the  mechanism  by 
which  bone  cells  sense  and  respond  to  their  mechanical  environment  is 
still  poorly  understood.  In  particular,  the  load-induced  signals  to 
which  bone  cells  respond,  e.g.  fluid  flow,  substrate  deformation, 
electrokinetic  effects  etc.,  are  unclear.  Furthermore,  there  are  few 
studies  focused  on  the  effects  of  physiological  strain  (strain<  0.5®o, 
Burr,  19%;  Owan,  1997)  on  bone  cells.  The  goal  of  this  study  was  to 
investigate  cytosolic  Ca"‘  mobilization  (a  very  early  signaling  e\cni) 
in  response  to  different  substrate  strains  (physiological  or  supra- 
ph  ysiological  strains),  and  to  distinguish  the  effects  of  substrate  strain 
from  those  of  fluid  (low  by  applying  precisely  controlled  strain 
without  induced  fluid  flow.  In  addition,  we  quantified  the  effect  of 
physiologically  relevant  fluid  flow  (Cow'in,  1995)  and  substrate  stretch 
on  the  expression  of  mRNA  for  the  bone  matrix  protein  ostcopontin 
(OPN).  A  computer  controlled  stretch  device  was  employed  to  apply 
different  substrate  strains,  0.1%,  1%,  5%  and  10%.  A  parallel  plate 
flow  chamber  was  used  to  test  cell  responses  to  steady  and  oscillating 
flows  (20dyn/cm^  I  Hz).  Our  data  demonstrate  that  physiological 
strain  (<0.5‘f^o)  docs  not  induce  [Ca“^],  responses  in  primary  rat 
osteoblastic  cells  (ROB)  in  vitro.  However,  there  was  a  significant 
(p<0.05)  increase  in  the  number  of  responding  cells  at  supra- 
physiological  strains  of  I,  5,  and  10%  suggesting  that  the  cells  were 
capable  of  a  biological  response.  Similar  results  for  human  fetal 
osteoblastic  cells  (hFOB  1.19)  and  ostcocytc-likc  cells  {MLO-Y4) 
were  obtained.  Furthermore,  compared  to  physiological  substrate 
deformation,  physiological  fluid  flow  induced  greater  [Ca""], 
responses  for  hFOB  cells,  and  these  [Ca'”],  responses  were 
quantitatively  similar  to  those  obtained  for  10%  substrate  strain. 
Moreover  we  found  no  change  in  ostcopontin  mRNA  expression  after 
0.5%  strain  stretch.  Conversely,  physiological  oscillating  flow 
(2()dyn/cm\  I  Hz)  caused  a  significant  increase  in  ostcopontin  mRNA. 
These  data  suggest  that,  relative  to  fluid  flow,  substrate  deformation 
may  play  less  of  a  role  in  bone  cell  mcchanotransduction. 


METHODS 
Cell  Culture 

We  utilized  three  kinds  of  bone  cells  m  this  study.  Primary  rat 
subperiosteal  osteoblastic  cells  (ROB)  were  obtained  from  long  bones 
of  four-month-old  male  Fischer-344  rats.  Cells  were  cultured  in 
Dulbecco’s  modified  Eagle  medium  (DM EM)  containing  20%  FBS 
and  P’o  penicillin  and  streptomycin.  Human  fetal  osteoblastic  cells 
(hFOB  1.19)  were  grown  in  DMEM  with  nutrient  mixture  F-I2 
supplemented  with  10%  FBS  and  penicillin/ streptomycin. 

Ostcocytc-likc  cells  (MLO-Y4)  were  cultured  in  alpha  modified 
essential  medium  supplemented  with  5%)  FBS  and  5°o  CS.  In  stretch 
experiments  ROB  and  hFOB  cells  were  grown  on  fibroncctin  coated 
silicone  membranes  to  enhance  adhesion.  The  coating  for  MLO-Y4 
cells  was  type  1  collagen.  For  the  flow  experiments,  bone  cells  were 
cultured  on  quartz  glass  slides. 


Experimental  Approach 

Our  substrate  deformation  stretch  apparatus  consisted  of  a 
silicone  membrane  and  a  computer  controlled  ZETA  6104  motor- 
driven  micrometer.  One  end  of  the  membrane  was  fixed  to  the 
microscope  stage  and  the  other  end  was  connected  to  the  micrometer. 
The  motor  can  perform  precise  micro-motions  (I|am)  to  apply  the 
desired  mechanical  strain.  Local  strains  in  the  substrate  were  verified 
by  tracking  optical  markers  to  confirm  that  the  substrate  to  which  cells 
attached  was  accurately  deformed.  A  parallel  plate  flow  chamber  was 
used  to  applied  fluid  flow  (Jacobs,  1998).  The  flow  rate  was  quantified 
with  an  ultrasonic  flowmeter.  Cytosolic  Ca*''  concentration  ([Ca“^]i) 
was  quantified  using  Fura-2  AM.  Basal  [Ca“^],  was  sampled  for  0.5 
min  followed  by  0.5  min  of  mechanical  stretch.  For  substrate 
deformation  we  first  induced  strains  of  0.1%  for  0.5  min  followed  by  a 
3  min  rest  period  then  1%  strain,  rest,  5%,  rest,  10%,  and  then  rest. 
Bathing  media  consisted  of  Tyrodc’s  saline  solution  with  2%  FBS. 
Image  acquisition  and  analysis  software  was  used  to  capture  and 
convert  fluorescent  signals  into  real  time  [Ca'^],  values.  [Ca”  ];  data 
were  analyzed  during  the  no-stretch  rest  period  only.  A  cell  was 
considered  responsive  if  the  maximum  change  in  [Ca“^]i  following  the 


stretch  period  was  at  least  20%  over  the  average  oscillation  in  [Ca  ]i 
in  the  baseline  record.  Quantitative  real  time  PCR  was  used  to 
measure  the  relative  changes  in  mRNA  level  of  osteopontin  right 
before  or  72  hours  after  mechanical  stimulation. 


RESULTS  ^  „ 

The  fraction  of  cells  responding  with  an  increase  in  [La  J,  at 
different  substrate  strains  is  shown  in  Figure  1.  The  data  were 
obtained  from  three  cell  types,  ROB  (dotted  bar),  MLO-Y4  (gray  bar) 


Figure  1 

and  hFOB  (white  bar).  Each  group  included  6  individual  experiments 
and  roughly  250  total  of  cells.  Less  than  l%  of  cells  responded  to 
phvsiologically  relevant  strains  (0.l%)  a  value  not  significantly 
different  from  non-stramed  controls  (p>0.05)  for  all  these  three  cell 
types.  However,  there  was  a  significant  (p<0.05)  increase  in  the 
number  of  responding  cells  at  supra-physiological  strains  of  I,  5,  and 
10%  suggesting  that  the  cells  were  capable  of  a  significant  response. 
Compared  to  physiological  substrate  deformation,  physiologically 
relevant  fluid  flow  induced  greater  [Ca‘"]i  responses  for  hFOB  cells 
{Figure  2).  Osteopontin  mRNA  expression  levels  in  hFOB  were 


Figure  2 

quantified  after  0.5%  substrate  stretch  and  physiological  flow  (20 
dync/cm^  I  Hz).  There  was  no  change  in  osteopontin  mRNA 
expression  after  0.5%  stretch  {Figure  3).  However  physiological 
oscillating  flow  increased  osteopontin  mRNA  expression. 


0.5%  stretch  20  dyn/cm^  1  Hz 

Osc.  Flow 


Figure  3 


DISCUSSION  ,  . 

A  precisely  controlled  cell  stretch  device  was  employed  to  assess 
the  [Ca^""];  response  of  osteoblastic  cells  to  different  mechanical 
strains  (0.1%  -  10%).  Our  data  demonstrate  that  physiological  strain 
(<0  5%)  does  not  induce  Ca"'"  responses  in  three  types  of  bone  cells  in 
vitro  Larger  strains  (1-5%)  induced  a  response  but  only  m 
approximately  5%  of  total  cells.  When  the  strain  reached  10 /o,  the 
[Ca’^i  responses  for  bone  cells  significantly  increased.  These  data 
support  the  concept  that  there  may  be  a  threshold  for  bone  cell 
response  to  mechanical  strain  in  vitro.  This  threshold  appears  to  be 
between  5%  and  10%.  However  physiological  oscillating  flow  (_0 
dyn/cm-,  IHz)  induced  [Ca'*],  responses  which  were  quantitatively 
similar  to  those  for  10%  substrate  strain.  Funhermore,  the  expression 
of  the  bone  matrix  protein,  osteopontin,  was  investigated  for 
physiological  stretch  and  flow.  Physiological  substrate  deformation 
did  not  alter  osteopontin  mRNA  expression,  but  oscillating  flow  did. 
These  data  suggest  that,  relative  to  fluid  flow,  subsPate  deformation 
may  play  less  of  a  role  in  bone  cell  mechanotransduction. 
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DIFFERENTIAL  EFFECT  OF  OSCILLATING  FLUID  FLOW  ON  CYTOSOLIC  CALCIUM  AND  PROSTAGLANDIN  IN 

OSTEOBLASTIC  ROS  17/2.8  CELLS 
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Introduction:  It  has  been  previously  established  that  bone  adapts  to 
mechanical  loading  and  that  this  adaptation  may  play  a  significant  role  in 
pathologic  diseases  such  as  osteoporosis.  Although  the  specific  mechanisms 
by  which  load-induced  signals  are  transduced  are  unknown,  it  has  been 
suggested  that  these  sienal  transduction  pathways  include  biophysical  signals 
such  as  fluid  flow";  mechanical  stretch,  electrokinetic  effects  and 
chemotransport.  In  support  of  fluid  flow  as  a  potent  bone  cell  stimulator 
which  transduces  mechanical  signals,  we  and  others  have  previously  shown 
that  fluid  flow  can  increase  cytosolic  calcium  concentration  ([Ca'^,)  and 
prostaglandin  E:  (PGE:)  response  in  osteoblastic  and  osteocytic  cells  (1,2). 
Furthermore,  Ajubi,  et  al.  demonstrated  that,  in  osteocytic  cells,  the  PGE2 
response  to  fluid  flow  was  dependent  upon  cytosolic  Ca'  niobilization. 
Interestingly,  Hung,  et  al.  demonstrated  that  fluid  flow-induced  Ca"*  responses 
varied  amona  osteoblastic  cell  lines.  For  instance,  the  rat  osteoblastic 
sarcoma  cellline  ROS  17/2.8  (ROS)  did  not  respond  to  fluid  flow  with  an 
increase  in  [Ca'*]i  (3).  Since  cytosolic  Ca"  mobilization  has  been  postulated 
as  a  second  messenger  for  fluid-induced  PGE;  synthesis  in  man\  cell  types, 
we  examined  the  effect  of  fluid  flow  on  [Ca”  ]i  and  PGE;  in  ROS  cells. 

Methods: 

Cultures:  ROS  cells  were  grown  to  confluence  in  polyethylene  petri  dishes. 
Cells  were  maintained  in  Ham's  FI 2  (phenol  red  free)  supplemented  with 
10%  fetal  bovine  serum  and  \%  pemcillin/streptomycin  at  37®C. 

Ca-*  Imaging:  Preconfluent  slides  of  cells  were  loaded  with  lOpL  (10|iM) 
fura2-AM,  incubated  for  45  minutes,  washed  and  inverted  on  the  flow 
chamber.  For  steady  flow  the  chamber  was  connected  to  a  Harvard  syringe 
pump;  for  oscillatory'  flow  the  chamber  was  connected  to  a  materials  testing 
system  via  tubing  and  syringes  to  deliver  a  IHz  sine  wave  and  a  shear  stress 
of  20  dyne/ cm”  for  3  minutes  preceded  by  a  I  minute  no  flow  baseline  control 
(1).  An  image  acquisition  and  analysis  software  package  was  used  to  capture 
the  images  and  convert  the  fluorescent  signals  into  ratios  which  reflect  [Ca”’],. 
PGE^  Assays:  Preconfluent  slides  of  cells  were  inverted  on  the  parallel  plate 
flow  chamber  and  connected  to  a  materials  testing  system  which  delivered  an 
oscillatory'  flow  utilizing  either  a  1  or  2Hz  sine  wave  at  20  dyne/cm”.  Cells 
were  exposed  to  flow  for  1  hour  following  which  media  from  the  mlet  and 
outlet  ports  of  the  chamber  were  collected  for  PGE:  analysis  using  a 
commercially  available  assay  kit  (BioTrak).  ImL  of  aliquoted  media  from 
each  chamber  was  placed  in  a  2niL  tube  and  frozen  at  -80°C  until  assaying  of 
the  supernatant. 

Results:  Calcium  imaging  was  completed  on  thirty  plates  of  cells  (>2000 
individual  cells).  Neither  ex'posiire  to  steady  nor  oscillatory’  flow  resulted  in 
an  increase  in  [Ca"*],  in  ROS  cells  (Figure  1 )  which  is  in  agreement  with 
previous  findings  (3).  To  further  substantiate  the  findings  and  eliminate  the 
possibility  that  the  cells  were  not  viable  or  that  the  dye  was  not  functioning, 
cells  were  exposed  to  lOpL  of  the  calcium  ionophore,  4-Bromo-Calcium 
(50pM).  In  all  cases,  exposure  to  the  ionophore  resulted  in  a  strong  increase 
in  [Ca”*],.  This  suggests  that  the  failure  of  ROS  cells  to  respond  to  fluid  flow 
wifli  an  increase  in  [Ca“*],  was  not  a  function  of  technique^  nor  due  to  a 
dysfunction  in  the  ability  of  ROS  cells  to  regulate  cytosolic  Ca”’  homeostasis. 
Indeed,  previous  studies  have  shown  that  ROS  cells  have  a  robust  cytosolic 
Ca”*  response  to  several  extracellular  signals  including  parathyroid  hormone, 
vitamin  D,  ATP  and  bradykinin,  suggesting  that  they  have  the  machinery  to 
respond  to  extracellular  signals,  other  than  fluid  flow,  with  an  increase  in 
[Ca”*],.  Interestingly,  while  exposure  to  fluid  flow  failed  to  increase  [Ca”*],  in 
ROS,  it  did  stimulate  an  increase  in  PGE:  (Figure  2).  Oscillating  flow  at  1 


(85.2±14.9)  and  2  Hz  (104.3117.2)  stimulated  a  6-fold  and  8-fold  increase  in 
PGE:  over  the  control  (12.5+1.9).  respectively.  There  was  no  significant 
difference  between  the  responses  at  1  and  2  Hz. 
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Figure  I.  (Left)  Typical  Ca''  response  cun-e  from  a  J  minute  baseline  and  3 
minute  flon'  regime.  (Right)  The  ionophore.  4-Bromo-Cak'ium.  was  added  to 
the  plated  cells  and  a  Ca''  response  recorded. 
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Figure  2.  PGE:  response  o  f  ROS  I  '*  2.cS’  cells  to  !  hour  of  oscillatory  ' flow  at  J 
Hz  and  2  Hz  with  a  shear  stre.ss  of  20  dy  ne  cm'.  *  Significantly  greater  than 
the  no-flow  control,  p  0.05  by  latest. 

Discussion:  Although  fluid  flow  has  been  shown  to  increase  [Ca"*],  in  other 
osteoblastic  cell  lines,  it  did  not  elicit  a  Ca”*  response  in  ROS  cells  even  when 
cells  were  exposed  to  oscillating  flow  which  bone  cells  are  more  likely  to 
experience  in  vivo.  Importantly,  fluid^  flow  does  stimulate  PGE:  release  in 
ROS  cells  suggesting  that  cytosolic  Ca"  mobilization  is  not  a  critical  second 
messenuer  in  transducing  the  effects  of  fluid  flow  on  PGE:  release.  For 
instance,  other  second  messengers,  such  as  cAMP,  may  transduce  the  fluid 
flow  signal  into  a  prostaglandin  response  in  ROS  cells.  Our  results  suggest 
that  caution  should  be  taken  when  extrapolating  the  effects  of  biophysical 
signals,  even  from  one  osteoblastic  cell  line  to  another.  Furthermore,  the 
differential  effect  of  fluid  flow  on  cytosolic  Ca"  and  downstream  effects  in 
ROS  cells  may  prove  to  be  a  powerful  tool  in  dissecting  mechanotransduction 
pathways  in  bone  cells. 

References:  DJacobs  C.R.  et  al.,  1998  J.  Biomechames;  2)Ajubi  N.E.  et  al., 
1999  Amer.  J.  Physiol.;  3)Hung  C.T.  et  al.,  1996  J.  Biomechanics 
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MECHANOTRANSDUCTION  IN  BONE  CELLS  VIA  OSCILLATING  FLOW 
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SS  t!SS  loading  of  bone  results  m  a  variety  ol  biophysical  s.ipials 
affect  cellular  metabolism  and  gene  expression.  Recently  one  of 
^  nhvsical  signals,  lacunar-canalicular  fluid  flow,  has  been  shown  to 
a  variety  of  physiological  responses  linked  to  bone  mamienance, 
increased  paracrine  factor  release  and  gene  tr^scnptjon  v/zm 
Sow^  none  of  these  studies  applied  oscillaimg  fluid  flow,  which  is  what 
occurs  physiologically.  Moreover,  the  biochemical  pathways  between  the 
mecharncal  signal  (fluid  flow)  and  the  biological  response  (gene  transcnption) 
TO^cIear  The  overall  goal  of  this  study  is  to  demonstrate  that  oscillating 
flow  is  a  potcntiallv  important  physical  signal  for  bone  cells.  To  achieve  this 
coal  we  selected  three  well-known  biological  response  vanables  mcludmg 
Mediate  intennediate  and  long  timeframe  responses.  Intracellular  calcium 
5a  known  second  messenger  transducing  exiracellular  signals  to  the  cell 
interior,  was  our  first  immediate  response  vanable.  Miiogen-aaivated  protein 
Vmases'(MAPK)  are  important  for  regulatmg  cell  differentiation  and  apoptosis 
bv  transmitting  extracellular  signals  to  the  nucleus.  Therefore  MAPK  were 
om  second  intermediate  outcome  variables.  Recently  strong  evidence  suggests 
that  osieopontin  (OPN)  is  an  important  factor  in  loading  induced  bone 
remodeling.  Thus,  we  quantified  OPN  mRNA  levels  as  a  long  timeframe 
response  to  oscillating  flow.  Another  goal  of  this  study  is  to  study  the 
relationship  between  these  vanables  using  pharmacological  agents. 

methods 

PaII  ndtiire  and  fluid  flow  chamber:  The  mouse  osteoblast  cell  line  MC3T3- 
E1  was  cultured  m  a-MEM  contammg  10°'o  FBS  and  maintamed  m  5“/o  CO: 
at  37®C.  The  fluid  flow  chamber  employed  in  this  study  is  a  parallel  plate 
design.  A  flow  delivery  device  generated  IHz  smusoidaly  oscillating  flow 
(peak  shear  stress  :N/m-).  Calcium  imaging:  C>tosolic  Ca‘*  concentration 
([Ca’I.)  was  quantified  usmg  Fura-2  AM  Basal  (Ca"].  was  sampled  for  3 
min  followed  by  3  min  of  oscillating  flow  Bathing  media  consisted  of  a- 
MEM  medium  ^th  2%  FBS.  Image  acquisition  and  analysis  software  was 
used  to  capture  and  convert  fluorescent  signals  into  real-time  [Ca  ]■  values 
(MetaRuor,  West  Chester.  PA).  A  cell  was  considered  responsive  if  the  peak 
increase  in  '[Ca-*],  following  the  oscillating  flow  period  was  at  least  two-fold 
greater  than  that  of  the  average  baseline  level.  MAPR  activity  assay:  There 
are  three  major  MAPK,  p38  MAPK,  ERK  (extracellular  signal  regulated 
protein  kinase)  and  JNK  (Jun-N-tenninal  kmase).  100  pg  lysate  protein  from 
either  control  or  flowed  cells  was  immunoprecipitated  with  anti-p38  MAPK, 
anti-ERK2  or  anti- JNK  1  antibod>'  overnight.  Immunocomplex  was  collected 
and  the  kinase  reaction  was  then  conducted  in  a  kinase  reaction  buffer 
containing  substrates  myelin  basic  protein  (for  p3S  MAPK  or  ERKs)  or  c-Jun 
(for  JNK)  in  presence  of  [grama-32P]  ATP.  The  reaction  mix  was  subjected  to 
SDS-PAGE.  Phosphorylation  of  substrates  was  subjected  to  autoradiogram. 
OsteoDOntin  mRNA  Analysis:  Quantitative  real-time  reverse  transcriptase 
PCR  was  employed  to  quantify  changes  m  steady-state  osteopontin  mRNA 
levels  before  and  after  oscillating  flow.  Pharmacological  agents:  The  effect  of 
fluid  flow  on  .  OPN  mRNA  levels  was  examined  in  the  presence  of 
.  thapsigargin,  which  inhibits  the  ATP-dependent  Ca'  pump  of  intracellular 
stores  and  causes  Ca'  discharge,  gadolinium  chloride,  a  putative  stretch- 
activated  channel  blocker,  the  p38  inhibitor  SB203580  or  the  ERK  inhibitor 


PD98059. 

RESULTS 

We  found  oscillating  flow  stimulates  a  variety  of  physiological  responses. 
First,  within  thim  seconds  of  startmg  oscillating  flow  (peak  shear  stress 
2N/m%  IHz),  59.  i  ±4.6%  of  cells  increased  [Ca'  ],  which  was  significantly 
different  from  no  flow  period  (8.9±1.6%).  Secondly,  two  ot  three  MAPK 
activities  were  elevated  during  a  two-hour  oscillating  flow.  p38  activity 
reached  a  maximum  at  30  mm  and  returned  to  initial  levels  90  mm  after  the 
onset  of  oscillatine  flow  {fr^urc  1 ).  ERK  activity  at  60  mm  reached  a  peak  and 
returned  to  its  non-flow  value  at  90  mm.  However,  we  could  not  detect  a 


chanue  in  JNK  activity  durmg  90  mm  flow  stimulation.  Third,  the  long 
timeframe  biological  response,  OPN  mRNA  level,  was  increased 
approximately  four-fold  24  hours  after  a  two-hour  oscillating  flow  stimulation 
{figure  2).  Finally,  to  elucidate  the  relationship  between  these  variables, 
different  pharmacological  blockers  were  utilized  during  the  flow  stimulation. 
Gadolinium  (Gd’')  OO  pM)  did  not  block  the  oscillating  flow-induced 
increase  in  OPN  mRNA  level  expression.  However  thapsigargm  (Thapsi.)  (50 
nM)  completely  blocked  the  flow  effect  on  OPN  mRNA.  Both  p38  mhibitor 
SB203580  (SB)  and  ERK  inhibitor  PD98059  (PD)  largely  attenuated  (80%) 
the  flow  effect  on  OPN  mRNA.  The  presence  of  both  inhibitors  (SB+PD) 
completely  abolished  the  effect  of  flow  on  OPN  mRNA  levels. 
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Figure  I.  Time  courses, for  p3S  and  ERK  acUvatUm  during  oscillating 
(CO,  C30  and  C60  represent  control  [no,  flow]  time  points  at  0.  30  and  60  min 
respectively). 


Figure  2.  The  effects  of  different  pharmacological  agents  on  OPN  mRNA 
levels  in  response  to  oscillating  flou  (peak  shear  stress  2N  nr.  IHz).  Control 
um  no  pharmacological  agent  present. 


DISCUSSION 

We  have  shown  that  oscillating  flow  as  a  biophysical  signal  mduces  a  variety 
of  physiological  responses,  including  immediate  ([Ca"  ]i).  intermediate 
(MAPK  activity)  and  long  timeframe  (OPN  mRNA)  responses.  This  strongly 
suggests  that  oscillating  flow  is  an  important  physiological  physical  signal  in 
bone  cell  mechanotransduction.  Our  thapsigargin  results  indicate  [Ca"  ],  is 
essential  for  eene  transcription,  i.e.  OPN  mRNA  expression.  However, 
Gadolinium  has  no  effect  on  OPN  mRNA  expression  which  implies  that 
activation  of  stretch-activated  channels  is  not  required.  The  MAPK  bloctog 
data  show  that  there  are  two  possible  pathways  for  oscillating  flow  to  eff^ 
OPN  gene  transcription  involving  p38  and  ERK  activities  but  not  JNK. 
Absence  of  either  of  the  two  will  dramatically  temper  the  effects  of  oscillating 
flow.  In  conclusion,  oscillating  flow  as  a  physiological  signal  induces 
intracellular  calcium  release  which  is  required  for  OPN  mRNA  expression 
involving  p38  and  ERK,  MAPK  pathways. 
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FLUID  FLOW  INDUCED  CALCIUM  MOBILIZATION  IS  FREQUENCY  DEPENDENT 
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INTRODUCTION 

It  IS  well  known  that  bone  cells  can  sense  mechanical  loading  and  alter  bone 
external  shape  and  internal  structure  to  efliciently  support  the  load  bearing 
demands  placed  upon  it.  Recenth,  fluid  flow  has  been  shown  to  mediate  a 
variety  of  physiological  responses  in  vuhk  including  increased  intracellular 
calcium  concentration  and  production  ol  prostaglandin  E;,  nitnc  oxide, 
alkaline  phosphatase,  collagen  type  I  and  osteopontin  ( 1.2„>  and  4).  Therefore 
it  is  believed  that  fluid  flow'  is  an  important  biophysical  signal  in 
mechanotransduction.  How^ever.  most  investigators  have  applied  steady  or 
pulsimz  flow  profiles  rather  titan  more  phy'siological  oscillatmg  flow.  Also  it  is 
controversial  which  frequencies  are  most  important  to  bone 
mechanotransduction.  particularly  for  high  frequencies  (above  5  Hz).  Our 
hypothesis  is  that  over  the  wide  range  ot  oscillating  flow  frequencies 
experienced  physiologically  bone  cells  would  exhibit  a  frequency  dependent 
response.  To  test  our  hypothesis,  we  developed  a  high-frequency  flow 
delivery'  device  to  deliver  a  wide  range  of  sinusoidaly  oscillating  flow 
frequencies  {0.1  Hz  to  lOHz)  while  monitonng  real  time  intracellular  calcium 
mobilization.  The  second  goal  of  this  study  is  to  characterize  the  response  in 
•.erms  of  shear  stress  and  culture  stage, 

METHODS 

Ceil  culture  and  fluid  flow'  chamber:  Tlie  mouse  osteoblastic  cell  line  MC3T3- 
E1  was  cultured  m  alpha- MEM  Containing  10® o  FBS  and  maintained  in  5®.o 
CO:  at  37‘‘C.  MC3T3-E1  cells  have  a  reproducible  phenotype  with  a  distinct 
proliferative  stage  and.  on  reaching  confluence,  a  differentiated  stage  in  which 
osteoblastic  makers  such  as  alkaline  phosphatase  are  expressed.  The  fluid 
flow  chamber  we  employed  in  this  study  vvas  a  parallel  plate  flow  chamber 
modified  to  accept  quartz  glass  microscope  slides  required  for  the  fluorescent 
imaging  technique  (5).  Hnzli  freauencv  flow  delivery  devige:  A  small 
serympneumatic  loading  frame  w'iih  a  high  frequency  response  (EiiduraTec. 
Eden  Prairie.  MN)  w-as  employed  as  our  high  frequency  flow  delivery  source. 
A  Hamilton  glass  syringe  was  mounted  in  the  loading  frame  w'hich  generated 
displacement  commands  resulting  in  the  desired  sinusoidaly  oscillating  flow 
profile.  An  ultrasonic  flowmeter  (Transonic  Systems  Inc.,  Ithaca.  NY)  w'as 
utilized  to  ensure  that  higli  frequency  flow  profiles  were  accurately  delivered 
to  the  flow  chamber  Calcium  imauinu:  Cytosolic  Ca*  concentration  ([Ca  ],) 
was  quantified  using  Fura-2  AM.  Basal  [Ca-’].  was  sampled  for  3  mm 
follow-ed  by  3  min  of  oscillating  flow  (peak  shear  stress  2N/nr-  from  0,1Hz- 
1  OHz).  Baihing.media  consisted' of  aipha-MEM  medium  with  2®o  FBS.  Image 
acquisition  and  anaK’sis  software  was  used  to  capture  and  convert  fluorescent 
signals  into  real-time  [Ca"  ],  values  (MetaFluor.  West  Chester.  PA).  A  cell 
W'as  considered  responsive  if  tlie  peak  increase  in  [Ca  ],  following  the 
oscillatmu  flow  period  was  at  least  two-fold  greater  than  that  of  the  average 
baseline  level. 

RESULTS 

The  fraction  of  cells  responding  with  an  increased  [Ca-*],  to  sinusoidaly 
oscillating  flow  (peak  shear  stress  2N/m')  at  different  frequencies  (0.1  Hz  to 
lOHz)  iskhown  in  figure  1.  From  0.5Hz  to  2.5Hz.  the  percentage  of  cells 
responding  increased  when  the  frequency  was  increased.  Beyond  2.5Hz  (high 
frequencies),  cell  responses  decreased,  but  the  cells  still  exhibited  the  capacity 
to  respond  to  oscillating  flow-.  Also  the  time  lag  between  flow  onset  and  a 
response  observed  in  a  majority  of  cells  was  significantly'  longer  at  lOHz 
relative  to  low'er  frequencies.  The  most  stimulatory  frequencies  were  at  the 
low  end  of  ramie,  around  the  range  0.  IHz.  We  also  found  that  responding  cell 
numbers  were  significantly  increased  w'hen  the  peak  shear  stress  was  elevated 
from  IN/m-  to  4N/mv  Almost  100®o  of  ceils  responded  when  peak  shear 


stress  reached  4N/m^  Moreover  the  fraction  of  MC3T3  cells  responding  was 
observed  to  depend  on  stage  of  differentiation  ( I,  2  or  3  days  culture).  The 
longer  the  time  in  culture,  the  more  cells  responded. 

DISCUSSION 

To  our  knowledge  these  are  the  first  experiments  to  examine  the  effect  of  high 
frequency  oscillating  flow  on  bone  cells.  We  found  bone  cells  can  sense  high 
frequency  oscillating  flow  which  may  occur  due  to  in  vivo  muscle  contraction 
and  impact  loads.  In  a  certain  frequency  range  {0.5Hz  to  2.5Hz),  the  fraction 
of  MC3T3-E1  cells  responding  with  an  increased  [Ca“‘],  became  greater  when 
the  frequency  of  oscillating  flow  increased.  This  trend  agrees  with  in  vivo 
results  (6).  ik.  dynamic  loading  can  increase  bone  formation,  and  suggests 
that  shear  stress  rke  contributes  to  fluid  flow  responsiveness.  However  at  very 
low  or  high  frequencies  the  [Ca-*],  responses  could  not  be  explained  in  this 
way.  One  possibility  is  that  due  to  the  viscoelastic  behavior  of  the  cell 
membrane,  deformation  in  response  to  oscillating  shear  stress  at  very  low 
frequencies  is  extremely  large,  conversely  at  high  frequencies  the  cell 
membrane  experiences  small  deformation,  and  thus  need  a  longer  time  to 
sense  the  extracellular  flow  motion.  The  varied  calcium  responses  for  a  wide 
range  of  frequencies  reflected  many  factors  involved  in  bone  cell  sensitivity. 
In  conclusion,  our  data  indicate  that  the  [Ca'*],  response  to  oscillating  flow  is 
shear  stress  and  frequency  dependent. 
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Figure  1.  Fraction  ofMCSTS  cells  responding  vifh  an  increase  in  fCa'^J,  at 
different  frequencies. 
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